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summarized and criticized. Section four pre- 
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vestigation. 


Following sections discuss the causes and forms 
of crystal growth, with detailed applications to 
certain substances that have been extensively 
studied (particularly the ammonium halides), 
and to eutectics in metal and organic systems; 
an extensively revised presentation on steel cast- 
ings which provides a lucid explanation of how 
the various structures found in real castings can 
be fitted into the author’s theory of dendritic 
crystallization. Nearly all the concepts devel- 
oped earlier in the book are utilized in this 
final section. 


The main bulk of the volume contains many orig- 
inal and unpublished ideas and observations, and 
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of explanatory line diagrams and sets of stereo- 
scopic photographs. 


CB translations are by bilingual scientists, 
and include all photographic, diagrammatic 
and tabular material integral with the text. 


ENDRITIC CRYSTALLIZATION 


CONSULTANTS BUREAU, 


227 WEST 17TH STREET. NEW YORK 


CONTENTS 


The famous Russian metallurgist D.K. Chernov, ‘foender of 

the modern theory of metal crystallization.......... 
A brief review of the existing views on dendritic crystal 

The growth forms of real crystals 
Methods of studying the growth of real crystals ......... 
Some essential aspects of the optics of stereoscopy....... 
The causes of skeletal and dendritic growth............ 
The dendrite formation 
The difference between skeletal and dendritic forms of 

Growth of ammonium chloride dendrites from a supersa- 

turated solution as a typical example of dendritic crystal- 

Effects of surface-active impurities on crystallization. .... 
The cubic form of dendritic crystallization produced in am- 

monium chloride by surface-active impurities....... 
Formation of cellular dendrites of cubic form .......... 
Dendritic growth of ammonium chloride in the presence of 

diammonium hydrogen 
Break-up of dendritic crystals as a transition from a non- 

equilibrium form to an equilibrium form........... 
Dendritic growth of solid-solution crystals ............ 
Some brief notes on spiral growth as an example of anti- 

Dendritic forms of crystals produced in antiskeletal growth 
Eutectics and dendritic structures in alloys........ 
Contact fusion as the cause of eutectic fusion........... 
Experimental study of contact fusion for crystals of fusible 

organic compounds and metals........... 
Capillary phenomena in contact fusion...... 
Use of contact fusion in physicochemical analysis, or asa 

method of producing high-melting compounds........ 
The solidification of bubble-free steel in a metal mold. 
Literature cited ..... 


Cloth-bound; 126 pp., illustrated; $6.00 


INC. 


« 

f 
: 
ee 
: 


Volume 124, Nos. 1 — 6 


January-February 1959 


PROCEEDINGS OF THE 
ACADEMY OF SCIENCES 


OF THE USSR 


(DOKLADY AKADEMII NAUK SSSR) 


Physical Chemistry Section 


A publication of the Academy of Sciences of the USSR 


IN ENGLISH TRANSLATION 


Year and issue of first translation: 
Vol.112, Nos. 1-6 Jan.-Feb. 1957 


Annual subscription 
Single issue 


Copyright 1959 


CONSULTANTS BUREAU INC. 
227 W. 17th ST.,. NEW YORK 11, N. Y. 


$160.00 


A complete copy of any paper in this issue may 
be purchased from the publisher for $5.00 


Note: The sale of photostatic copies of any 
portion of this copyright translation is expressly 
prohibited by the copyright owners. 


Printed in the United States of America 


‘ 
= 
~ 
te 


PROCEEDINGS OF THE ACADEMY OF SCIENCES OF THE USSR 
Physical Chemistry Section 


Volume 124, Numbers 1-6 


January-February 1959 


CONTENTS 


RUSS. RUSS. 


PACE ISSUE PAGE 


The Hydrogen Bond and Proton Magnetic Resonance, I. V. Aleksandrov and 
N. D, Sokolov ....... 


©6686 6645 60 ee Ge 8.06 1 115 


Paths for the Formation of Methyl Hydroperoxide and Formaldehyde in the Low- 
Temperature Oxidation of Methane. N. A, Kleimenov and A, B. 


Theory of Radiationless Electron Transitions Between Ions in Solutions, V. G, 


Levich and R. R. Doganadre oer eer eee seer eee eee 9 1 123 


Study of the Free Radicals Formed in the Irradiation of Oxalic Acid by the 
Method of Electron Paramagnetic Resonance, Yu. N. Molin, A, T. 
Koritskii, N. Ya. Buben and V. V. Voevodskif....ccccccccsacsreveve 15 1 127 


The Relationship Between the Energetic, Electrophysical and Mechanical 
Properties of Semicondnctors, B. F. OrmOnt... 17 1 129 


Effect of Annealing on the Packing Density of Polystyrene, A, A. Tager, M. V. 
Tsilipotkina and A. L Suvorova .. ecccccccercscccccccsccccces 23 1 133 


Determination of the Adsorption Coefficients of Ether,Water and Ethylene by 
the Kinetic Method. K. V. Topchieva and B, V. Romanovskii........- 25 1 135 


Determination of the True Rate Constants in the Decomposition of Aliphatic 
Alcohols. V. L Tsvetkova, A, P. Firsov and N. M, Chirkov ........- 


Formation of Vibrations in the Passage of a Current in Electrolytic Systems 
with a Falling Polarization Characteristic. Yu. A. Chizmadzhev....... 33 1 142 


The Salt Effect at the Exchange of Deuterium in Liquid Ammonia, A, L 
Shatenshtein, Yu. P. Vyrskii and E, A, Rabinovich,.......eeeeeees 317 1 146 


Measurement of the Rate of Combustion of a Powder under Detonation Wave 
Conditions, A, Ya, Apin and L. G, Bolkhovitinov.......eeeeeeee0: 41 2 338 


The Isotope Effect in the Cracking of Ethane, A, M, Brodskii, R. A, Kalinenko, 


Use of the Dropping Mercury Electrode for the Determination of Diffusion 

Coefficients, Evgenii Budevskii e Vs eee 8 0 @ 45 2 342 
The Effect of Crystallographic Orientation of the Reaction of Isotopic Exchange 

at a Metallic surface. B, N. Bushmanov and G, S. Vozdvizhenskii...... 49 2 346 


Voltage-Current Characteristics of an Electrolyte~N-Type Semiconductor 
Contact, Yu. A. Vdovin, V. G, Levich, and V. A. Myamlin......... 


2 ia 


CONTENTS (continued) 


RUSS. 


PAGE ISSUE 


Application of the Emanation Method to the Investigation of Catalysts. Study 
of the Emanating Power During the Preparation of Oxidation Catalysts, 
G. M. Zhabrova, M. Sinitsyna and S. Roginskii 57 2 354 


The Emulsifying Action of Highly Dispersed Solids. A, F, Koretskii and A, B. 


The Tiieory of Thermal Detonation of Condensed Explosives. A. G. 


The Relationship Between the Thermal Dissociation Rate Constants of Diatomic 
Molecules in the Presence and Absence of Equilibrium. E, E. Nikitin 


The Behavior of Sulfate Ion in the Electrolytic Preparation of Magnesium, S. A. 


The Infrared Spectra of Water, Ethanol, and Methanol Adsorbed on Chromic 


The Migration Current on a Rotating Disc Electrode. V. D. Yukhtanova,...... 


The Surface Charges of Semiconducting Oxides in the Adsorption of Gases 
and Vapors. E, Kh, Enikeev, L. Ya. Margolis and S. Z, Roginskii....... 85 3 606 


An Investigation of the Electrode Reactions on the Silicon Cathode, E, A, 


Resistance of Some Deformed Materials to Corrosion Cracking, Yu. S, Zuev 
and A. Z. Borshchevskaya 


The Chemical Modification of Adsorbent Surfaces and Its Effect on the Ad- 
sorptional Characteristics. A. V. Kiselev, N. V. Kovaleva, A. Ya. 


A Polarization Mechanism of the Suppression of Structural Etching During Elec- 
trochemical Polishing, & 1, Krichmar 103 3 621 


The Effect of Various Factors aon the Magnitude of the Specific Surface and 
the Porosity of Chromate Catalysts, T. V. Rode and A. E, Agronomov ... 109 3 625 


The Isotopic Exchange Between CO and CO, on Various Surfaces, S. S. 
Stroeva, N. V. Kul*kova and M. L, Temkin. 113 3 628 


The Mechanism of the Low Temperature Polymerization of Monomers Under 
the Action of Gamma Radiation, A, P, Sheinker, M K. Yakovleva, E, V. 
Kristal’nyi and A. D, AbDking 117 $ 632 


The Formation and Properties of Metal Soaps in Dilute Aqueous Solutions, 
N. A. Aleinikoy and A. M. Makarova eee ere eer eee 


The Anodic Passivation of Silver in Alkaline Solutions, G. L, Vidovich, DL 


Phase Composition Study of the Copper Catalyst Used in the Oxidation of 
Propylene to Acrolein, O, V. Isaev and M, Ya, Kushnerev.....+eeeee 129 4 858 


The Gas-Crystalline State of Matter in Polymers. A, Kitaigorodskii .. 


RUSS. 
PAGE 
61 2 358 
362 
69 2 366 
373 
81 2 377 
89 3 609 
93 3 613 
97 8 6:17 
15 
133 4 861 


CONTENTS (continued) 


RUSS. RUSS. 
PAGE ISSUE PAGE 


The Ultraviolet and Visible Absorption Spectra of Aromatic Amines Adsorbed 
on Specific Centers of Aluminosilicate Catalysts, E, L Kotov and 
A. N. Terenin 


Theory of the Nonequilibrium Electrical Double Layer. V. G. Levich.....0+. 141 


Infrared Absorption Spectra of Ethyllithium Dissolved in Benzene, Hexane 
and Diethyl Ether, V. N. Nikitin, G. V. Rabova, and N. V. Mikhailova... 145 


Causes for the Decreased Stability of the Crystalline Structure of Monocalcium 
Aluminate Formed at Elevated Temperatures, E, E. Segalova, Z.D. 
Tulovskaya, E, A. Amelina, and P, A. Rebinder... 


The Effect of Alkali Metal Halides on the Mechanism of the Catalytic Hydro- 
genation of Cyclohexene. D. V. Sokol'skii and G. D, Zakumbaeva ..... 


Determination of the Elementary Constants in the Oxidation of Ethylbenzene by 
the Method of Interrupted Illumination. V. F. Tsepalov and V. Ya. 


The Vibrational Relaxation of Diatomic Molecules. E. Nikitin. .... 


The Isotopic Exchange of Nitrogen Between Amino Compounds and Liquid 
Ammonia, L. L. Strizhak, S. G. Demidenko and A. L Brodskii 


The Surface Tension of Metallic Indium, O, A. Timofeevicheva and P. P. 
Pugachevich 
The Calculation of the Acidity Function and Molecular Composition of Hydro- 


fluoric Acid From the Nuclear Magnetic Resonance Data for ez. 
Utyanskaya, A. U. Stepanyants, M. L Vinnik and N. M. Chirkov.....+. 


The Influence of Added Alkali Metal Compounds on the Kinetics of the 
Reduction of Zinc Silicate by Carbon Monoxide, D, M, Chizhikov and 


The Determination of the Internal Stresses Produced When Solid Surfaces are 
Glued toOne Anotheg S, A, Shreiner and P. L Zubov.....cccccocce 


Gaseous Initiation with Ozone in the Oxidation of Isodecane and Its Associated 
Chemiluminescence. R. F. Vasil*ev, O. N. Karpukhin, V. Ya. Shlyapintokh 


Role of the Tunnel Effect in the Kinetics of Chemical Reactions at Low Tem- 
peratures. V. L Gol*danskii 


Effective Radius of the Electron in Crystal Lattices. A. F. Kapustinskii....... 


Theory of Strain in Organic Molecules. A, L Kitaigorodskii. 


Theory of the Heat-Chain Propagation of a Flame with Two Active Centers, 
L. A. Lovachev ee 


Kinetic Isotopic Effect in the Oxidation of Hydrogen on Platinum, V. I. Popov 
and S. Z. Roginskii 


The Character and Role of Intermediate Products in the Radiolytic Reduction 
of Nigrate. V. A. Sharpatyi, V. D. Orekhov and M, A. Proskurnin ....e. 


ESE 4 865 
ee 4 869 
149 4 876 

161 5 1085 3 
179 5 1099 
187 6 1258 
195 6 1265 
197 6 1267 


tes 
| 
: 


THE HYDROGEN. BOND AND PROTON MAGNETIC RESONANCE 


I. V. Aleksandrov and N. D. 


Institute of Chemical Physics, Academy of Sciences of the USSR 


Sokolov 


(Presented by Academician V. N. Kondrat*ev, July 28, 1958) 


As one of us had shown [1], the concept of a simple electrostatic nature for the hydrogen bond (H-bond, 
A -H... B) is inadequate to explain its main spectroscopic characteristics, namely a shift of the vibration 
frequency of the group A — H toward longer waves. To explain satisfactorily both the sign and the magnitude 
of this shift it is necessary to assume that the H-bridge is due partially to a donor-acceptor interaction of the 
proton of bond A — H and atom B by means of the unshared pair of electrons of the latter. 


However, to accomplish such interaction it is necessary that the bond A — H (for example, O — H) be suf- 
ficiently polar and that atom H have a sufficiently large effective positive charge. On the other hand, calcu~- 
lations [2] reveal] that in such molecules as, for example, the water molecule, the polarity of the O — H bonds 
is very small due to the presence of a large atomic dipole moment for the O atom. As a result of this it could 
be expected that if the H atoms in such molecules do have an effective positive charge, still it is probably so 
small that it can hardly assure a donor-acceptor interaction with other molecules, 


In order for the condition of a donor-acceptor interaction in the H-bridge to be at all capable of realiza- 
tion there remains the assumption that the center of gravity of the electron cloud should shift from atom H to 
atom A during the very process of forming the H-bond. Such a shift in itself does not necessarily mean that the 
H atom in the H~bridge has a greater positive charge, since due to its donor-acceptor interaction with atom B 
the center vf gravity of the cloud of the unshared pair of electrons of the latter is shifted toward the H atom 
and may partially neutralize this charge. In order to answer the question of the final distribution of the elec- 
tron density in the H=bridge it is necessary to turn to experimental facts, 


A number of attempts to determine the electron density near the hydrogen atom in complexes contain- 
ing the H-bond by means of x-ray and electronographic methods are described in the literature [3]. However, 
because of their insufficient accuracy, the obtained results cannot be considered as being well-defined. In 
addition, the results obtained by different authors prove to be contradictory. 


The data on the intensity of the infrared spectra testify to the increase of the absolute value of the de- 
rivative of the dipole moment with respect to the vibration coordinate of the bond A — H in the formation of 
the H-bridge [4] However, without additional assumptions, it is impossible to extract from these data any re- 
liable information regarding the change in the electron density near the H atom, 


The data on the spectra of the proton magnetic resonance offer somewhat better possibilities. The ab- 
sorption frequency in proton magnetic resonance is extremely sensitive to H-bond formation [5-7}, The posi- 
tion of the signal from the proton in the magnetic spectrum during H-bridge formation is shifted toward smaller 
values of the magnetic field strength, which corresponds to a reduction in the constant 0 of the magnetic shield- 
ing of the proton to a value of the order Ao = 5 x107®, In many cases Ao e~ceeds the value of the chemical 
shift of the proton, According to some authors [6, 7], such a great reduction in o is evidence that the hydrogen 
bond is pure electrostatic in nature. Schneider, Bernstein and Pople [8] expressed the opinion that the indicated 
shift of the signal is due to the simple action of the electric field of neighboring molecules, which hinders the 
precession of the electrons in the external magnetic field. This viewpoint in essence is also applied to the elec- 
trostatic concept of the H-bond and is in agreement with the opinions of Pople himself as to its nature [9]. 


| 


However, it is obvious that without an actual theoretical evaluation of all of the effects, exerting an in- 
fluence on the magnetic shielding of the proton in the H~bridge, it is still impossible to make any basic con- 
clusions regarding the electron distribution and the nature of the H-bond. It could be expected that in the 
formation of the complex RA — H.... BR" the following effects contribute to changing the value of the pro=- 
ton shielding: 1) a change in the polarity of the bond A = H (a shift of the center of gravity of the electron 
cloud of this bond toward atom A); 2) a stretching of the A= H bond; 3) the formation of a donor-acceptor 
bond H.. . B, leading to some shift of the center of gravity of the cloud of the unshared pair of electrons of 
B toward atom H; 4) the action of the electric field of the dipole of molecule BR*; and 5) the effect of the 
unshared pair of p-electrous of atom B (or of the m-bond B= R°), 


Strictly speaking, to answer the question as to the nature of the shift of the signal in the formation of the 
H-bond should require the solving of not less than a six-electron problem. However, considering the complex- 
ity of such a calculation, to obtain semiquantitative results it is sufficient to study each of these effects sepa- 
rately, solving only the proper two-electron problem each time. The results of such an operational procedure 
for the case of Om H... O are given below. 


1, The relationship between proton shielding and the polarity of the bond A — H can be estimated using 
the method proposed by one of us [10, 11} If the molecular orbit, composed of the 1s-function of the H atom 
and the 2s- and 2p-functions of the Slater O atom in the form 


is taken as the wave function of the bond, then the parameter will characterize the polarity of the O — H bond. 
Based on calculating the dipole moment of the free H,O molecule it follows [2] that A is close to one. As cal- 
culation shows a change in the hybridization parameters a and b exerts little influence on the value of the 
shielding constant; if A lies between 0 and 1.5, then changing a from 0 to 1/742 causes o to change by less 
than 6% 


Using equation (6) in [10] and function (1) makes it possible to determine © as a function of A. If A is 
close to one (A = 1.0 + 0,4), then with the internuclear distance R= 1 A it is possible to write with a sufficient 
degree of accuracy 


Ao, = —1,5-10°5 An. 


If it is assumed that under the influence of the H-bond A increases byAA = 0.3, then we find that Ao, s 
45+ 


2. The effect of stretching the O — H bond, caused by the formation of the H-bridge, can be estimated 
using the same equations that were used in estimating the effect of polarity. For small changes in R with X = 1 
calculation gives 


As, = AR, 


where the numerical factor k changes from 0.9 for a = 0 to 1.3 fora=1. At AR= 0.05 A we find A® 
0.5 + 10-8, 


3. The effect of the donor-acceptor bond H*, . . O can be calculated approximately if the molecular 
orbit of this bond is written in the form 


= N' (gap + Bois), 


where parameter 8 characterizes the extent to which the 1s orbit of the H atom participates inthe bond. At 
sufficiently small values of 8 (B %0,1—0,3), with the interatomic distance H. . . O equal to 1.7 A, the cor- 
tribution of this bond to the magnetic shielding of the proton is equal to 


Ao, = (— 0,08 -++ +- 3,6 B*)- 10°. 
If it is assumed that 6 * 0.2, then we find that Ao, # + 2.5+ 1076, 


4, For the free hydrogen atom a calculation of the effect of a constant electric field E on the shielding 
of the proton can be made if it is assumed that the interaction of the electron with field E, directed along the 
z axis, is considerably greater than its interaction with the magnetic field, and that the wave function of the 
electron in the electric field has the form 


| 
i 
ey 
| 
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dr = Pis (1 + €2), 


where £ is the variation parameter. Using the virial theorem it follows here that the change in oO when an 
electric field is applied is equal to [11] 


(2) 
where ay is the Bohr radius. 


The effect of an electric field on the shielding of the nucleus of a bound H atom can be estimated using 
the same equation, * since the structure of the electron cloud in the vicinity of the proton is apparently not very 
different from the 1s state of the H atom (see, for example, [3]). Assuming that the z axis coincides with the 
direction of H. .. O, for the dipole p = 1.6 D, with the distance between it and the proton equal to 1.7 A, by 
means of equation (2) we find that Ao, + 0.5- 10°& In particular, it follows from this that in contrast to 
the opinion of Schneider, Bernstein and Pople [3], it is impossible to explain the observed shift of the signal in 
the formation of the H-bond only by the influence of the electric field. 


5. The calculate the effect of the second unshared pair of electrons of the O atom, whose cloud has 
an axis perpendicular to the line H... O, it proves possible to make use of the fact that these electrons are 
localized at a considerably greater distance from the proton. Then to calculate the contribution of these elec- 
trons to the shielding it proves possible to use the equation [11] 


Ao; = ’ 
where x zz is a tensor component of the diamagnetic susceptibility y. Calculation reveals that when R = 1.7 A, 
A Og lies between +0.2 x 107& and = 0.2 10°" , i.e., negligibly small. 


Consequently we see that all of the components of A 9, with the exception of A 9; have the same order of 
magnitude and coincide with the experimental. However, the principal role is apparently played by the change 
in due to an increase in the polarity of the bond A — H and the formation of the donor-acceptor bond H.. . B. 
From the given calculations it follows that with some intelligent assumptions regarding the parameters AA and 
B(AX» ~0.3 > B= 0.2) the resulting values of AA prove to be of both the right sign and the right order of mag- 
nitude. The values assumed for AA and B corresponds to a reduction of approximately only 15% in the electron 
density at the point of proton location. 


As a result, it can be stated that the data ou the magnetic shielding of the proton in the H-bond support 
first the hypothesis that there is a substantial increase in the polarity of the A — H bond when the H-bridge is 
formed, and second, that they are in harmony with the hypothesis that the donor-acceptor bond AH .. . B is 
formed. 
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PATHS FOR THE FORMATION OF METHYL HYDROPEROXIDE AND 


FORMALDEHYDE IN THE LOW-TEMPERATURE OXIDATION 
OF METHANE 


N. A. Kleimenov and A, B. Nalbandyan 
Institute of Chemical Physics, Academy of Sciences of the USSR 


(Presented by Academician V. N, Kondrat*ev, July 28, 1958) 


It is known [1] that hydroperoxides and aldehydes are the primary reaction products when gaseous hydro- 
carbons are subjected to low-temperature oxidation, In particular, in the oxidation of methane, initiated by 
the oxygen atoms that arise in the thermal decomposition of ozone [2], or under the influence of the light from 
the Schumann spectral region [3], the principal reaction products are methyl hydroperoxide and formaldehyde. 
It was established that the rate of formaldehyde formation increases with increase in the temperature, whereas 


the formation rate of the peroxide begins to fall when a certain temperature is reached, approaching zero at a 
temperature close to 400°. 


In designing a mechanism for the oxidation of hydrocarbons it is important to answer the question of the 


manner in which the aldehydes are formed = do they arise as a result of the further oxidation or decomposition 
of organic peroxides or can they be formed by independent paths. 


According to the opinions of N. N, Semenov [4], expounded by him in recent years, both aldehydes and 
peroxides arise in parallel reactions from peroxide radicals of the type ROO, At low temperatures the peroxide 
radicals react with the original hydrocarbon, forming hydroperoxide and a new chain carrier 


ROO + RH— ROOH +R. (D 


On raising the temperature, together with reaction (I), the peroxide radical can decompose with the forma- 
tion of aldehydes, For example, the peroxide radical CH,OO can decompose into formaldehyde and hydroxyl; 
for the propyl peroxide radical CsH700 such decomposition can proceed with the formation, for example, of 
acetaldehyde and alcoholradicals. In all cases the peroxide radicals first suffer isomerization [5} Since the 
isomerization process requires a certain, quite large, energy of activation (20 kcal / mole), then the probabil- 
ity of decomposition will increase with increase in the temperature. Consequently, the fraction of aldehydes, 
arising directly from the peroxide radicals, will also increase. As regards the peroxides, then their fraction in 
the reaction products will decrease due to an increase in the decomposition rate of the peroxide radicals. 


The validity of these assumptions is supported, for example, by the studies made by one of us [1] on the 
photochemical sensitization of the oxidation of a number of saturated hydrocarbons using mercury. However, 
these experimental data can serve only as a qualitative proof of the indicated hypotheses and do not permit 
solving the problem of the formation rates of each of the products separately. It should be mentioned that up 
to now there has been no direct proof given in the literature that these processes are parallel. 


In this paper, on the example of the oxidation of methane, we are the first to offer quantitative proof 
that parallel processes are present, leading to the formation of both aldehydes and peroxides, and in addition, 


we have determined the formation rate ofeach of these substances. We used the method of labeled atoms to 
solve the present problem. 
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EXPERIMENTAL RESULTS AND THEIR DISCUSSION 


The photochemical method described in [6] was used to initiate the low-temperature reaction, A 
PRK=2 mercury~quartz lamp served as the light source. For maximum utilization of the radiation energy a 
special quartz apparatus was constructed, making it possible to illuminate the reactor from within. The experi= 
ments were run under flow conditions. To make it possible to follow the behavior of the m ethyl hydroperoxide 
formed during reaction the starting ones fed into the reactor was mixed with about 0.003% of methyl per- 
oxide, labeled with radioactive carbon C4, The latter was obtained by the method given in the literature for 


mole/ liter 10° 


4 J 


8 sec 


Fig. 1. Yield of methyl hydroperoxide 
(1) and of formaldehyde (2) as a func- 
tion of the time the methane-oxygen 
mixture remains in the reactor. (3) 
total yield of products (experimental 
points obtained by the combustion of 
the products with potassium dichro- 
mate). Mixture composed of 90% CH, 
and 10% O,; furnace temperature 360°. 


the synthesis of unlabeled methyl peroxide [7] By means of pre- 
liminary experiments, run at 360°, it was established that in the 
investigated interval of time of contact the only products formed are 
peroxide and formaldehyde. To trap these substances the gasses 
escaping from the reactor were passed through water scrubbers. The 
concentration of peroxide in the solution was determined iodometri- 
cally. We ran into considerable difficulties when we attempted to 
determine the concentration of formaldehyde in the presence of 
methyl hydroperoxide by conventional methods. It was also dis- 
covered that the use of 2,4-dinitrophenylhydrazine to precipitate 
only the formaldehyde in the condensate failed to achieve the de- 
sired purpose, Due to the indicated difficulties we worked out a new 
method, which made it possible to solve the raised problems in an 
accurate manner, Together with determining separately the con- 
concentration of each product, we determined the total amount of 
carbon-containing products present in the condensate by combustion. 
Within the limits of experimental error, the sum of aldehydes and 
peroxides, determined separately, coincided with their sum, deter- 
mined by combustion, 


Having determined the specific activity of the carbon dioxide 
obtained after combustion, and knowing its concentration, it was 
a simple matter to calculate the specific activity of the peroxide, 
making use of the equation for the activity balance; 


aco, [COs] = ag [CH,O] + p[CH,OOH], 


where and a 


are respectively the specific activities of carbon dioxide, formaldehyde and peroxide; 


[CO], [CH,0] and mcehooin are respectively their concentrations at a given moment, 


The kinetic curves for the formation of CH;0OH and CH,0O at 360°. are shown in Fig. 1. As can be seen 
from the plot, in the studied interval of time of contact the yield of these products is a linear function of ty. 


The changes in the specific activities of peroxide and aldehydes are shown in Fig. 2, The presence of 
activity in the formaldehyde indicates that a certain fraction of the peroxide either decomposes or oxidizes 
to formaldehyde. Characteristic of the obtained results is the fact that the curve for the change in the specific 
activity of the peroxide remains above that for the change in the specific activity of the formaldehyde over 
the entire range studied. As is known [9], such a behavior for the specific activity is characteristic for parallel 
reactions. It is obvious that in the given case a part of the formaldehyde is formed apart from the peroxide, 
while another part originates asthe result of the decomposition or further oxidation of the peroxide — a fact 


that possesses independent interest. 


The question as to the fraction of aldehyde that originates apart from the peroxide can be answered by 
resort to the kinetic method of utilizing labeled atoms [10]. According to this method the rate W, for the 


formation of peroxide from methane is equal to 


P 


11n 
[CH,OOH]. 


3 
4 
e 
2 
0 
“a 
Wp = (1) 
6 


On the other hand, the rate with which methane is consumed to form formaldehyde and peroxide is obviously 
equal] to: 


We + Wp, (2) 


where Wf is the rate of formaldehyde formation. Consequently, we have two equations for determining the two 
values Wp and We 


By graphical differentiation of the curve Ina, vst it is a simple matter to determine the value of dina, /dt 
foreachcontact time. The values of W,, calculated for different contact tume:, are given in Table 1. 


TABLE 1 


(CHLOOH}, | | w w-mele/ 
mole/ dt sec 
liter 


0,495 
0,33 
0,25 

0,17 9 
0,125 y 


th, sec 


Wp av=2-10-% 


As can be seen from the table, for the investigated interval of mixture 


impulsés/ min - mg remaining in the reaction — the rate of peroxide formation remains con= 
stant and equal to 2 x mole/ liter «sec. 


The rate of formaldehyde formation we find from equation (2). From 
the slope of straight line 1 in Fig. 1, we determine d[CH,J/ dt = 5.5 x 10~8 
mole/ liter*sec. From this for Wr we have Wg = d[CHy)/dt - W, = 3.5 x 


x 10°§ mole/ liter sec. Consequently for the proportion Wp we have; 


Wf 3,5-10-6 
Wp = 1,75. 


500 
600+ 
200 


9 sec As a result, at the given temperature about 64% of the reacted methane 
_. —- goes to formaldehyde due to direct decomposition of the peroxide radical, 
and only 36% of it is converted to hydroperoxide due to reaction of th - 
methyl hydroperoxide (1) and 


of formaldehyde (2) as a func- It is essential to find the values of Wf/ Wp for several temperatures. 
tion of the time the methane- _— Knowing the relationship that exists between W,/ Wp and the temperature 
oxygen mixture remains in permits calculating the difference between the energies of activation for the 
the reactor. processes of isomerization and decomposition of the peroxide radical and its 
reaction with methane. Knowing that Wf/ Wp = 1.75, it becomes possible to 
calculate this difference at 360°, Assuming that the pre-exponential factors for the monomolecular decomposi- 
tion of the peroxide radical and for its bimolecular reaction with methane have respectively the normal values 


1 
10*8 re and 10720 = , we obtain AE = 9600 cal/mole. Consequently, the postulation of N. N. 


Semenov [4] that AE should be of the order of 10,000 cal/ mole is fully justified. 
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THEORY OF RADIATIONLESS ELECTRON TRANSITIONS BETWEEN 
IONS IN SOLUTIONS 


Acad. Sci. USSR Corresponding Member V. G. Levich and 


R. R. Dogonadze 


Institute of Electrochemistry, Academy of Sciences of the USSR 


The reactions between similarly charged ions in solutions play an important role in the elementary act 
of chemical oxidation-reduction reactions. A distinguishing trait of reactions of this type is the fact that the 
reacting ions, due to the presence of a strong electrostatic repulsion, cannot approach each other very close 
ly. The reaction of electron exchange in the system 


— Fes, (1a) 


has been studied in some detail experimentally. Both spectrophotometric and potentiometric experiment [1] 
have shown that together with the direct reaction (1a), reactions also progress in solution between Fe** and 
the complexes formed by Fe* with the anions present in solution: 


Fe** — FeOH*, (1b) 
Fe — Fecl* (1c) 
Fe** — Fer* (1d) 


etc. Attempts have been made in a number of papers [2-4] to calculate theoretically the probability of elec- 
tron transition in reaction of Type (1). In particular, the hypothesis of a tunnel transition of the electron was 
expressed in [3], In view of the fact that tunnel transitions can occur only under the conditions of the energies 
of the initial and fina] states being equal, the authors made the assumption that the transition occurs at the 
moment when the solvate shells of the ions are rebuilt in such manner that the initiai and final state of the 


electron proves to be the same. Here the term AF, * was introduced into the free energy of activation, which 
theoretically could not be calculated. 


An important fault of all of the theoretical studies here was the fact that improper consideration was 
given to the role played by the solvent. In reactions of Type (1) the role played by the solvent is especially 
important, and taking it into consideration only by introducing the macroscopic dielectric constant € is quite 
inadequate; these viewpoints are also supported by a number of experimental studies [5-7} 


In this paper the solvent is considered to be a collection of atoms, showing small vibrations around fixed 
equilibrium positions, During electron transition, which is regarded as a radiationless transition of the whole 
electron-solvent system, a certain number of vibrational quanta (phonons) is absorbed (or emitted). The cal- 
culation was made in adiabatic approximation, in which connection the solvent was taken as the slow subsys- 
tem, and the electron as the rapid. The Hamiltonian of the complete system 


H (x, q) = H (x) + 1 (q) +-V (%, 4) (2) 


consists of the electron portion 


H (x) = (x, R), 


the Hamiltonian of the vibrating atoms (reduced to the normal form) 


H (q) = 5) (4) 


dq? 
and the energy of interaction between electron and phonons, The coordinates x and q refer to the electron 

and phonons, respectively. The potential U(x, R), entering in (3), describes the interaction of the electron wigh 
the ions, separated from each other by the distance R, and with the static portion of the solvent polarized by 
them. V(x, q) can be broken down into a stepwise series of small deviations of the solvent atoms from the 
equilibrium positions 


V(x, g) = Vo (x) + (2) (Gu — Gus) ++ 


View (2) Gua) = Gee) = Vo Va + (5) 


where the equilibrium configurations (at a given electron state s) are determined by the equality Ins = 
- VE /fi w,., in which connection the matrix elements vis are taken with respect to the electron wave func- 
tions ¥.(x, as and W .0(X, Ge). In (5) Vg corresponds to the interaction of the electron with the solvent polar- 

ized by it; Vy represents the electron=phonon interaction, while V, originates in calculating the anharmonicity 
of the vibrations of the solvent atoms and appears as a small correction of the harmonic potential. As a result, 
in theory there are two small values; the parameter of adiabaticity 


ss’ 


(x, q) a by (x, q)dx, q->q,, 


and the small interaction of the electron with the anharmonic portion of vibration V2, which in various cases 
can play the role of disturbances, The selection of the proper approximation is tied up essentially with the 
selection of the frequency spectrum w,, 


is given by the expression 


The energy of the complete system E,,, 


= Es (q,) + + (1M + = Ss + + Ya), 


where E,(q,) is the natural value of the operator H(x) + Vo(x), and is the energy of the electron in the field 
of two ions and the polarized (by the ions and the electron) static solvent. In the adiabatic theory of disturb- 
ances the value J, plays the role of the *complete® energy of the electron. The term 1/, 2 hw, q2, entering 


into it has the meaning of the energy of the solvent polarized by the electron and in order of magnitude is equal 
to the energy of electronic polarization, 


Optical branch. If the optical branch plays the principal role in electron phonon interaction, then the 
dispersion of the frequencies can be neglected and the substitution w, = We can be made. Physically the 
frequency Ws can correspond to the vibrations of different bonds, both intramolecular and intermolecular 
(for example, the hydrogen bond). In such case the anharmonicity can be neglected, and for the probability 
of transition (more accurately, the number of transitions per unit of time), we obtain the formula 


2n mio, ) (n+ 1 


n 


x (z) -|- C (n + 1/3) (2) (z)} -| 


| 
x 
x x x 
10 


2 
(2) | 2m (2) + In—(2)I} 


x x 


z=oVn(n+ 1); m n= [exp 


I(z) is the Bessel function of the mth order from the imaginary argument. Using the asymptotic expression 
1,2), equation (6) can be substantially simplified for several limiting cases: 


hay, om (m 1)! 


m>z, kT < hog; 


W 2 ~ C exp (— '/29) 


2h Zhewy 


n <2, kT < hog; 


~, 26 oxp(-—1/0) [ mM pro] kT \m 


m>2z, kT > hog; (9) 


2nC2rT \'/2 hwy (o4- 2m)? 1 
( hs ) xp 80 ’ m< kT > (10) 


Acoustical branch, Apparently, a consideration of the anharmonicity is more important for the liquid. 
« this case it can be assumed that adiabaticity is achieved with a greater degree of accuracy and, substituting 
= 0, take Vy as the disturbance. Regarding the frequency spectrum we will only postulate that it is cut 
i a certain maximum frequency Wp (by analogy with the Debye spectrum). Omitting the bulky calculations, 
we give the general equation for W4,: 


+co 
P (ter de; 


4ttg Cos mgt) + Aq,Aq,fafol x 


a0’ 
x [2 (Na “+ 1) 8 4- 


Wis = opr 


fe (t) (cosmyt —- 1) |- (Qn, 1) sine,f; 
Ux(t) (2M, 1) (cosm,é — 1) }-isine,f. 


The integral in (11) can be taken on the assumption that | Js. ~ Js, 1 >» Twp, and in the case of high 
temperatures (kT >» wp) assumes the form 


6) 
— 
(1) 
J dx hero 
(8) 
| 
ay 
11 
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ap 


(Aq,,)? ox x 


1 
xX exp | 


(Ag, ho, kT 


Equations (10) and (12) have the same form as in the theory of absolute reaction rates; Wy, = 
A exp { — Q/kT }, whence 


2 (Aq,)? he, 
x 


We will oberve that if we substitute w, = We here, then we will immediately obtain the energy of activa- 
tion, coinciding with Qin(10), Analysis of the obtained equations reveals that a deviation from the Arrhenius 
curves occurs when the temperature is lowered, and specifically toward a more rapid drop in In Wy, with in- 
crease in 1/T. This is the essential conclusion of the theory, associated with the fact that in the theory of 
the transitiona] state equations are used that have been introduced through methods of statistical physics, ac- 
cording to which the probability depends on the temperature as e~ Q/KT, However, as had been already in- 
dicated many times [8-9], the application of the equilibrium equations of statistical physics to the essentially 
nonequilibrium process being discussed is not justified. From what has been said it is obvious that the theory 
of the transitional] state is applicable at high temperatures, 


In order to estimate theoretically the temperature T*, at which the deviation from linearity begins, it 
is necessary to known the characteristic frequencies wp and wp, entering into the theory. If physically we 
corresponds to the vibrations of hydrogen bond, then for T* we obtain a temperature of about 280° K, A rough 
estimate of the Debye temperature for H,O reveals that in the case where the acoustical branch plays the 
essential role, T* = 240° K, It should be mentioned that the experiments are usually run in a fairly narrow 


temperature range (280-330° K), where the obtained equation can be approximated quite well by the linear 
function. 


A calculation of the energy of activation requires knowing the concrete wave functions of the electron, 
but still it can be estimated fairly well, It proved that al reactions of Type (1) Q = 8 kcal /mole, which 
agrees very well with experiment. Still another essential conclusion ensues from the theory: the energy of 
activation depends on the electron energies of solvation of the initial and final states se) and sf) and, on 
the other hand, on AE.) = Esy (ds) — Es, (qs,)- With increase in sf) in energy of activation at small AE.) 
increases, while at large AEg] it falls. For reactions of Type (1), A£Eg) is small, for which reason the energy 
of activation should increase in succession for reactions (1b), (1c) and (1d). The conclusion is also found to 
be in good agreement with experiment [10]. 


From the very manner in which the problem is set up it is clear that in the given theory the energy of 
activation can only increase when the mass of the solvent atoms is increased, which is in agreement with the 
experiments [6-7] in which D,O served as the solvent. 
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STUDY OF THE FREE RADICALS FORMED IN THE IRRADIATION OF 


OXALIC ACID BY THE METHOD OF ELECTRON PARAMAGNETIC 
RESONANCE 


Yu. N. Molin, A. T. Koritskii, N. Ya. Buben and Corresponding Member 
Acad. Sci. USSR V. V. Voevodskii 


Institute of Chemical Physics, Academy of Sciences of the USSR 


The method of electron paramagnetic resonance (e. p. r.) developed by us for observing free radicals in 
the action of fast electrons on a substance [1] also permits making kinetic studies of the formation and destruc- 
tion of radicals in solids. Some preliminary data on the properties of the radicals arising in oxalic acid when 
the latter is bombarded with electrons having an energy of 1.6 mev are given below. The signal of paramag- 
netic absorption in oxalic acid represents a single line with a width (determined by the distance between the 
points of the extremal values of the derivative) of about 4.5 oersteds and a g- factor close to the g- factor of 


the diphenyl picrylhydrazyl radical (2.0036). On terminating the irradiation the signal falls at a rate that is 
essentially dependent on the temperature. 


One of the curves for the change in the concentration of the radical, taken at room temperature, is shown 
in Fig. 1, The amplitude h of the first derivative of the absorption line was taken as a measure of the intensity 
of the e. p.r. signal, since neither the shape of the signal nor its width changed during measurement. Analysis 


of that portion of the curve corresponding to a drop in the signa] revealed that in the temperature range between 
+10 and +40° the recombination of the radicals is described by the equation 


where n is the concentration of the radicals, and k is a constant dependent on the temperature. By the usual 
methods it was found that k = 9 » 102 cu cm/sec for a temperature of +25° (see Fig, 2).# 


TABLE 1 


(O]tationary (arbi- 
y 
j, Ha/sq em sary 


stationary 
Yj 


0.143 0.074 


0.276 0.105 0, 200 
0.610 0,139 


*The absolute values of the concentration of the radical were obtained by comparing the area of the absorp- 


tion line of the investigated signal with that of the signal from a diphenylpicrylhydrazyl specimen of known 
concentration. 


15 


square root of the irradiation dosage, 


¢ 


Fig. 1. Change in the intensity h of the e.p.r. 
signal of oxalic acid during irradiation and af- 
ter termination of irradiation (the arrow denotes 
the point at which irradiation was terminated). 
The first derivative of the absorption line is 
shown by a, 


6 fOmin 


Fig. 2. Linear anamorphosis for the relation 
ship between the concentration of radicals 


and the time: + kt. 


In accordance with the quadratic recombination rule (1) it could be expected that at a constant tempera- 
ture the stationary concentration of the radicals after saturation had been achieved will be proportional to the 


Some data on the relationship between the stationary 
concentration of the radical and the current density of the 
electrons are given in Table 1. A constancy of the propor- 
tion [O]¢ationary/¥) When the current density is increased 
by approximately 4 times supports the postulation that re- 
combination at small dosages has a quadratic mechanism. 


However, it should be mentioned that an accumula- 
tion of radicals is not described by the simple kinetic 
equation 


dn 
kn®, (2) 


but instead bears a more complex nature, since the time 
required to establish a stationary concentration greatly ex- 
ceeds the recombination time (see Fig, 1). 


To answer the question of the nature of the radical 
in oxalic acid we made a comparison of the e,p.r. spectra 
of irradiated oxalic, succinic and stearic acids and of some of 
their salts. It was established that paramagnetic absorption 
signals, similar to the signal in oxalic acid, are also present 
in the quite complex spectra of succinic and stearic acids, 
In the spectra of the salts these signals either have a weak- 
er intensity (Li, Na, NHy, and Ca oxalates) or are complete- 
ly absent (sodium succinate). Apparently, the only radical 
to which the appearance of this signal in the spectra of all 
three acids can be attributed is the radical of type 
R — < , formed as a result of the hydrogen atom 
cleaving from the carboxy] group, The conditions for the 
formation of such a radical in the salts and in the acids 
are essentially different due to the greater mobility of the 
free hydrogen atom. Herein apparently lies the reason for 
the difference in the e. p.r. spectra of the acids and the 
corresponding salts. 


The experimentally found quadratic recombination 
rule (1) indicates that destruction of the radicals occurs in 
the interaction of two radicals with each other. As possi- 


ble mechanisms hereit could be postulated that either the radical diffuses through the substance by the mechan- 
ism of a hydrogen atom migrating from a neighboring molecule to the radical, or else that the mechanism in- 
volves a delocalization of a free electron along a system of conjugated hydrogen bonds, similar to the theory 
that has been advanced by L, A. Blyumenfel*d for protein molecules [2). 


To establish the true mechanism it is necessary to run additional experiments, The results obtained in 
the chemical analysis of the radiolysis products of oxalic acid could have great importance here, as could also 


an accurate measurement of the pre-exponential factor of the recombination rate constant. 
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THE RELATIONSHIP BETWEEN THE ENERGETIC, ELECTROPHYSICAL 
AND MECHANICAL PROPERTIES OF SEMICONDUCTORS 


B. F. Ormont 
L. Ya. Karpov Institute of Physical Chemistry 


(Presented by Academician P, A, Rebinder, June 18, 1958) 


The very important problem of the relationship between the energetic, electrophysical and mechanical 
properties of semiconductors, despite a number of published papers on the subject, still remains one of the least 
developed [1]. In recent years we undertook a new approach to the problem. 


1, Relationship between the atomization energy of a compound, the lattice energy, and the enthalpy 
(corresponding to the heat effect) of formation, As had been discussed by us (2, 3], between the energy of 
atomization Q of a solid AB (with the atomic lattice and bonds quite removed from the ionic) and the enthal- 
py, corresponding to the heat effect of formation according to the equation [A] + [B] = [AB]+ Q, where the 
brackets designate the solid aggregate state, there exists the relationship: 


N= Q+ Sp + Sp, (1) 
where Sa and Sg is the energy of sublimation of A and B, respectively, with the formation of a monatomic pair 
(i.e ., the energy of their atomization). 


The energy of atomization of substance AB is linked to the lattice energy by the equation: 


where pl is the total ionization potential of A, 2)E is the energy of adding n electrons to B, and U is the energy 
of the ionic lattice in the Born concept, the a-energy of transition from the ideal Bornstate of the lattice to the 
real [2,3], The energetic (thermodynamic) strength of the lattice is described more accurately by the atomiza- 
tion energy value Q, if the lattice is mainly atomic, and by the lattice energy U, if the bonds are close to ionic. 


2, Relationship between the total specific surface energy €},),) and the atomization energy Q. If the 


bonds are mainly covalent, then, as had been shown by us in [2], the specific surface energy is linked to the 
atomization energy in the following manner: 


Sant = Meant erg/ cm?, (3) 


where Me (hk}) is the structural constant of the surface energy. The values of Me were calculated by us [2, 7] 
for a number of structures and planes (hkl). Thus, for the diamond type M, 100) = 694.34; Me, (111) = 401.33. 
For the zinc blend type Me (100) = 34717; Me(110) = 244-8; Mecy11) = 2 0.66, For the rock salt type 


M, (100) = 231,45, The specific free surface energy 9}, is easily calculated from €})4, taking into con- 
sideration that = € + T 90 /OT. 


| 


As is known, an experimental] varification of the calculated values of Op) for solids is a difficult prob- 
lem, In [4] we have developed jointly with V, L Smirnova a method for determining the surface energy of 
solids at the melting point. Included in the substances examined we determined that for B-Sn, © = 610 ergs/ 
/sqcm, Taking into account the values of dé/ dT [5], we find for 8-Sn «it = 630— 640 ergs/sqcm. The 
calculation for a=Sn elt gives 670 ergs /sqcm. Taking into consideration that tin has bonds that are close 

to metallic (and here the applicability of equation (3) runs into limitations), it must be acknowledged that the 
agreement is good, 


At this time we have set ourselves the task of measuringe for Ge and Si using the same method. 


We also used an indirect approach, Employing equation (3), we calculated € p,) for a series of brittle 
solids (carbides, nitrides, etc.) [2], The relative values € and oO for substances with a similar structure and type 
of chemical bond form the thermodynamic hardness scale. (For Hy : Hg: Hg... = 93:02;03... [11].) When 
the €})) series were compared with the literature values for the microhardness H of the same carbides 1t was 
found that the carbides of tantalum and vanadium should be much harder than is indicated in the literature on 
the basis of experimental data. A verification of the microhardness of TaC, and VC,, made by us jointly with 
other authors, revealed the validity of the series ensuing from our calculations [6]. 


3. Calculated values of the specific surface energies of some semiconductors and their microhardness. 
In [7] and in this paper we have calculated the values of € 4) for some semiconductors with a diamond and a 
zinc blend structure and compared them with the experimental values of the microhardness H from [8, 9}, From 


Table 1, in which the values of € kJ, H, etc., are compared, it can be seen that a valid correlation exists be- 
tween these series of values. 


4. Dependence of the width of the forbidden zone of some semiconductors on the strength and character 
of the chemical bond. The width of the forbidden zone AE should be directly dependent on the strength of the 
chemical bonds, but not on the heat effect of formation of the semiconductor, as is frequently postulated (cf., 
for example [10]) (the heat effect of formation is a characteristic of the system, and not of the phase), and on 
the atomization energy (corresponding to the lattice energy) of the semiconductor [7], Consequently, in the 
same series of simple substances, for example, AlValv, or compounds, for example Alllgv (of type GeGe and 
GaAs, respectively), a direct relationship between AE and €}4 (characterizing the mechanical strenght of the 
lattice) could be expected, and likewise between AE and Q (characterizing the energetic strength of the latter), 
i.e,, a relationship of the type AE = k€}), or AE=q8 However, AE is not only a structure-sensitive, but 
also a bond-sensitive [7] property. Consequently, with increase in the total atomic number ( £Z), calculated 
on the basis of 2 atomic pairs*, the coefficients k and q, due to a strengthening of the metallic component 
of the bond, should decrease. It is expedient to depict k and q as a number of terms; k= C ~ M+ P and q= 

c — m +p, respectively. Conditionally it can be assumed that terms C and c express the influence of the co- 
valent, terms M and m (decreasing with decrease in AZ) the metallic, and terms P and p the ionic component 
of the chemical bond. With some reservations it can be assumed that P and p are proportional (as a first ap- 
proximation) to the difference in the electronegativity Ax of the atoms forming the substance. 


Analysis of the valyss of the k and q factors, increasing sharply in going from types AIValV oy alVplV 
to types AUlgY and Ag”, reveals that the difference in the electronegativity Ax cannot be responsible for 
the large increase in AE with transition from AlVAlY ¢9 alllpv or, correspondingly, to AlpVI, contrary to the 
widely held opinion in the literature. An increase in AE (and correspondingly of k and q) corresponds to a 
principle, which we wil] formulate in the following manner; 


With other conditions equal, the width of the forbidden zone of the semiconductor should be proportional 
to the ratio of the effective charges of the nuclei(atomic fragments), corresponding to the number of valence 
electrons of the atomic pairs raised to some power n, i.e., (Vg/ Va)", where V A and Vp are the effective 
charges of the atomic fragments of atoms A and B, 


As a result, AE should be described by equations of the type; 


*For binary compounds, and for purposes of comparison, for simple substances, 
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(5) 


Mathematical analysis brings us to the conclusion that in a series of semiconductors of ‘type AlValV 
the dependence of the terms M and m on (£Z) can be expressed by both exponential] (which is more accurate 
in a nutober of cases) and linear functions. If the coefficients of the equations describing the behavior of the 
series ALVAIV and AlVBIV are found, then using these same coefficients it is possible to extend equation (4)- 
(9) to the AlllpV series, and even (better than could have been expected dueto the sharp increase in the strength 
of the ionic component of the chemical bond), with some reservations, to the AUIBV! series (zinc blend type 


of structure), and to some compounds of the AlVpVI series (NaCl type of structure), Equations (6)-(9) have the 
following form: 


[1,093 — 0,087 690295 (27) 4. 0,2 (Ax)] 10-2141, 


vn 


AE = [1,093 0,0076 (ZZ) +- 0,2 (Ax)] 
A 


< a8 


AE = (7) [0,860 —- 0,217 0.912922) 4. 0,2(Ax)]-10°2.Q, 
A 


Vo 
AE = fe) [0,860 — 0,0076 (ZZ) + 0,2 (Ax)}-10°2.Q. (9) 


Here n= 1,2, For the series ang ala (vg vy) = = 1, for the series (v 4)" = 


(°/,)**? = 1.85, for the series AlipV1 (Vp/ Va)" = (¥ »)*? = 3.72, etc. The results of calculating calculating 
OE are given in Table. 


A comparison of the experimental and calculated data also permits formulating a second principle, em- 
bracing genera] theoretical considerations; 


Of the analogs with the same total atomic number and the same Vp/V, ratio, i.e,, belonging to the 
same structural and chemical type of substance (compound), the greatest width of the forbidden zone at con- 
stant Ax is possessed by the analog with the smallest “cation” and the largest “anion” and, consequently, with 
the maximum polarization of the electron cloud of the latter. 


As a result, AE for AlSb is greater than for GaAs and InP, while AE for GaSb is greater than for InAs. In 
connection with this it should be mentioned that the generally held opinion in the literature that AE always 
increases with increases in Ax is incorrect. A weakening of the metallic and a growth of the ionic (or covalent) 
component of the bond induce an increase in AE, But also a weakening of the ionic component with an in- 
crease in the strength of the covalent component, customary in the polarization of the electron cloud of a large 
anion by a smal] cation, can cause an increase in AE. In calculating AE for compounds of type AUpV! | and 
especially of type AlVgVI (with a type of structure different from that of zinc blend), it is necessary to exer- 
cise some caution due to the substantial strengthening for them of the ionic component of the chemical bond. 
(For this reason the lower portion of Table 1 is separated by a line.) And still calculation using equations (4)- 
(9) and the same coefficients does not lead to any serious differences between the experimental] and the calcu- 
lated data, And thus it is quite obvious that both of the above formulated principles are justified. In particular, 
AE for ZnSe is greater than for CdS, and AE for ZnTe is greater than for CdSe, 


V 
A 
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It is important that in the case of diamond and silicon carbide the calculation of AE via €})) gives 
good results, whereas calculation via Q gives sharply lower results due to the extremely high mechanical 
strength of these substances. As a result, the correlation between AE and the mechanical strength proves in 
the given case to be better than between AE and the energetic strength of the lattice, 


TABLE 1 


Calculated AE 
| Q, 
Substance road kcal/ from 


sq cm |mole (7) 


Cdiamond 
53 2,06 

GeGe 992 0,65 
SnSn 670 | 139 0,12 


TypealVplv 
| 3150 | 300 | 3,50 3, | (2,79)* | (2,57)* 
alllpVv 


Ss 


oro o 


BERR S 


In 
average 


GaSb 
InAs 


22 


> 


AllpVI 
146 


114 
127 


109 
101 


AlVpVI 


154 | i, 
135 0, 


(=) The calculation was not made since here it is necessary to calculate previously the 
structure constant of the surface energy for the SnS structure, 

*The sharply lower results obtained when AE was calculated from the Q data using 
equations (7) and (8) (when compared with equations (5) and (6) and experimental AE) 
are due to the high hardness of diamond and silicon carbide (small periods of identity 


a). 
** € s99 Of the NaCl type. 
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EFFECT OF ANNEALING ON THE PACKING DENSITY OF POLYSTYRENE 


A, A. Tager, M. V. Tsilipotkina and A. I. Suvorova 
A, M, Gor'kii, Ural State University 


(Presented by Academician V. A. Kargin, August 7, 1958) 


The prpperties of polymeric materials (mechanical properties, gas permeability, etc.) are determined 
by the packing density of their macromolecules, which depends on the branching and regularity of the chains, 
their degree of brittleness, the molecular weight of the polymer, and its physical state, It was shown in a 
number of studies that the linear flexible chains of a polymer, found in a highly elastic state, due to the mobil- 
ity of the links, show close packing [1} A loose type of packing is usually observed for some glasslike polymer 
{1, 2]. A loose or crumbly packing has the character of ultramicropores, i.e, pores of molecular size , and for 
this reason such polymers in their behavior should resemble the ordinary microporous solid sorbents typified by 
fine~pored charcoals and silica gels [3]. Such an analogy proved to be valid, and it was shown by us that in the 
sorption of vapors by liquids, inert toward the given polymer, it is possible to determine quantitatively both 
the specific surface and the pore volume of the latter [4]. From the shape of the sorption isotherm of methanol 
on polystyrene, and also from the calculations made by us, it follows that glasslike high-molecular polystyrene 
is a very fine-pored sorbent. 


It is obvious that the loose packing of glasslike polymers has a relaxation nature, determined by the fact 
that on cooling below the glass transition temperature the relaxation time increases greatly, and the chain dur- 
ing cooling does not succeed in reaching the equilibrium position for the given temperature, The relaxation 
nature of a loose packing appears in its dependence on the molecular weight of the polymer: low-molecular 
polystyrenes and poly(methylmethacrylates) are packed tightly, while increasing the molecular weight causes 
the looseness of the packing to increase [3] That the loose packing of high-molecular glasses has a relaxation 
nature also follows from the studies made on the relationship between the value of the polystyrene volume and 
the temperature [5, 6]. Employing the method of slowly heating and cooling (annealing) polystyrene, Spencer 
and Boyer [6] determined the equilibrium values of the polystyrene volume at various temperatures and showed 
that the polystyrene volume is a linear function of the temperature in a broad temperature range (from +20 to 
+140°), and that the curve V = f(T) does not have an inflection point. The time required to obtain the equilib- 
rium volume becomes greater the lower the temperature, At 60° it is 17 hours, 


From a recently published paper by V. A. Kargin and Yu. S, Lipatov [7] it follows that rapidly cooled 
(tempered) poly(methylmethacrylate) specimens sorb the vapors of methyl isobutyrate (hydrogenated monomer) 
and water in greater amount than do the annealed specimens, i.e., the latter are more densely packed than the 
former. 


We studied the effect of long annealing on the sorption capacity of polystyrene. The annealing was ac- 
complished by continuously cooling the polystyrene specimens, previously heated to +140, in a very slow and 
gradual manner. The experiments were run in an air thermostat, fitted with a relay and a contact thermometer. 
In the temperature region irom +140 to +95 the cooling rate on the average was 0.5 /hr, and at lower tem- 
perature at therate of 0.1°/hour. Thus, for example, the specimen was kept for152hours at 55-65, which is 
several times greater than the time required, according to Boyer and Spencer, to reach equilibrium in the given 
temperature region. Consequently, the rate of cooling used by us was considerably slower than in all the pre- 


vious studies, The total time of cooling from +140° to +20° was one month, 4 


TABLE 1 Keeping the polystyrene for a long time at 
i high 
Specific Surface and Pore Volume of Annealed and (shove contd 
; cause the specimens to decompose. Actually, the 
Unannealed Polystyrene Specimens 
molecular weight of the annealed specimens, de- 


termined viscosimetrically, decreased to approx- 
Polymer imately 1/4 of its original value (from 456,000 to 
(polystyrene) 110,000). Since the packing density of polystyrene 
/ strongly depends on the molecular weight [3], then 
irect i 

siisiiialicih saetes 30.0 0.015 a direc comparison of the annealed specimen with 

the original would have been incorrect. For this 

Annealed 110000 14.0 0.007 

reason we took for testing an annealed polystyrene 


specimen and an unannealed polystyrene fraction of 
close molecular weight. Both specimens were tested 
mmole/g for the sorption of methyl alcohol vapors, i.e., a 
I compound that is inert to polystyrene. From Fig. 1, 
wo} it follows that the sorption isotherm of methanol on 
3 the unannealed specimen has a shape thay, according 
. / to the classification of A. V. Kiselev is characteristic 
for homogeneous fine-pored sorbents The sorp- 
ade 2 a tion isotherm for the annealed specimen resembles 
2 GOTT ssp ¥ the sorption isotherms of nonporous sorbents [3]. The 


L 
L 


values of the specific surface, calculated by the 

B. E, T. method, are given in Table 1, as are also 
the values of the pore volumes, determined by the 
method of M. M, Dubinin and L, V. Radushkevich 
{9} From Table 1 it follows that substantial con- 
traction of the molecule occurs under very long an- 
nealing, which is characterized by a reduction in both the pore volume and the specific surface to 1/2 the 
original, Since for the investigation we used the vapors of an inert solvent and since the structure of the speci- 


mens during sorption hardly changed, the given result is proof that the loose packing of high-molecular poly- 
styrene has a relaxation nature, 


Fig. 1. Sorption isotherms of methanol on polystyrene, 
1) Unannealed specimen, 2) annealed specimen, 
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DETERMINATION OF THE ADSORPTION COEFFICIENTS OF ETHER 
WATER AND ETHYLENE BY THE KINETIC METHOD 


K. Ve. Topchieva and B. V. Romanovskii 
M. V. Lomonosov State University (Moscow) 


(Presented by Academician A, N. Frumkin, August 28, 1958) 


The most important characteristic of any heterogeneous catalytic process is the rate constant, which ful- 
ly defines the operational efficiency of a catalytic setup. In those cases where the catalytic reaction proceeds 
in the kinetic region, the rate constant and the dependence on it of the temperature of the activation ener- 
gy are a direct measure of the catalyst activity. From this it is clear that the problem of determining the rate 
constant assumes great importance, 


A direct determination of the true rate constant is impossible in the majority of cases for reactions pro- 
ceeding in the kinetic region, since the current method of studying heterogeneous catalytic reactions, de- 
veloped from the research of Langmuir and Schwab, permits finding from the experimental data even at 
best only the apparent rate constant and energy of activation. The apparent rate constant is always proportional 
to the true rate constant of a surface catalytic reaction, but it also includes still other parameters of the cata- 
lytic process. Adsorption coefficients are usually such parameters, i.e,, the constants of the adsorption equilib- 
rium established between the gas phase and the active surface of the catalyst. As a rule, the presence of such 
an equilibrium is always postulated in the kinetic method, and the apparent rate constant, determined using 
various kinetic equations, in the general case includes the adsorption c efficients of all of the components of 
the gas phase, both of the starting materials and of the reaction products, 


In principle two different methods exist for determining adsorption coefficients — kinetic and adsorption 
sorption, However, numerous experimental facts indicate that the adsorption and catalytic portions of a catalyst 
surface are essentially different in their properties. For this reason,adsorption coefficients found by the purely 
adsorption method are,generally speaking, unsuitable for calculating the true rate constant, and only the 
kinetic method gives the proper way of determining adsorption coefficients. 


The kinetic method is based on studying the hindering effect of the reaction products (or of foreign sub- 
stances). Based on the experimentally observed decrease in the rate constant when the reaction is run at dif- 
ferent dilutions, kinetic equations permit calculating the adsorption coefficients. To be sure, up to now only 
the adsorption coefficients of the reaction products were determined using the kinetic method, Only in recent 
years did a number of American authors [1-3] develop and successfully apply the differential kinetic method, 
which permits determining also the adsorption coefficients of the starting materials, Consequently, we feel 


that at the present time we have in principle the possibility of fully calculating the true rate constants of cata- 
lytic reactions, 


In this paper, we used the kinetic method of A, V. Frost [4] to determine the adsorption coefficients, For 
a reaction progressing in a flow system according to the scheme 


he proposed the equation 


| 
| 
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Up In =a + (1) 


where Vp is the rate of additionof starting material to the reactor in moles per unit of time per unit weight of 


catalyst, y is the degree of conversion, and a and 8 are constants, not depending on either the addition rate 
or the degree of conversion. 


1 
Plotting equation (1) in the coordinates v9 In rr Vs Voy gives a straight line that intersects the ordinate . 


at a distance equal to a. In developed form a has the form 


RBS 


é 
14+8(1+ b/vyy+a+ (2) 
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where k is the rate constant of the surface reaction, bp is the concentration of active centers on the surface of 
the catalyst in moles/sq cm, Sg is the specific surface of the catalyst, by is the adsorption coefficient of the 
starting material, 6 is the dilution, i.e., the ratio of the number of moles of reaction product or foreign sub- 
stance to the number of moles of starting material in the mixture fed into the reactor, by is the adsorption co- 
efficient of the reaction product or foreign substance, and n is the increase in the number of moles per mole of 
starting material as a result of reaction, 


The value 1/ a can be depicted as a linear function of the dilution 6: 


1 1 
(3) 


4+ 


(4) 


When plotted in the coordinates 1/a vs 6 the slope of the straight line gives Dj. 


If only an inert diluent, practically not adsorbed on the active centers (i.e,, its adsorption coefficient 
can be set equal to zero), is added to the starting material, then equation (4) is transformed to 


4 


From Equations (4) and (5) we easily find 


D,—D 
b= — (6) 


As a result, to determine the adsorption coefficient of a substance that hinders catalytic reaction it is 
necessary to run two series of experiments; one in which dilution is made with the substance whose adsorption 
coefficient is being determined, and the other with dilution by an inert diluent. These two series of experi- 
ments give Dj and Dy respectively. 


In this paper we investigated the hindering effect exerted by the addition of ether, water or ethylene on 
the dehydration rate of ethyl alcohol over aluminum oxide for the purpose of determining the adsorption coef- 
ficients of these substances, We used argon as the inert diluent, 


A determination of the adsorption coefficients of water and ethylene, besides of purely theoretical interest, 
is a very actual] problem at the present time due to the great importance assumed currently by the reverse reac- 
tion, namely the hydration of the ethylene obtained from natural and petroleum gases, Although data are given 


4 
where 
2 


in the literature for the adsorption coefficients of water and ethylene [5-8], still we fee] that the numerical 
values given in the indicated papers are much to high and require correction, 


We determined the adsorption coefficients of water and ether at 250°, and of water and ethylene at 430°. 
At 250° ethyl alcohol decomposes only to ether and water [9]; when the temperature is increased the reaction 
is complicated by the further dehydration of the either to ethylene, while lowering the temperature causes the 
degree of conversion to drop, which leads to a reduction in the accuracy of the kinetic equation employed. At 
430° ethyl alcohol is dehydrated to ethylene and water, and here the amount of ether in the catalyzate is very 
small (the conversion of alcohol to ether under these conditions is less than 3-5% [10]). 


All of the experiments were run at atmospheric pressure, using the conventional laboratory flow setup, 
with automatic addition of the starting materials, The gases (ethylene, argon) before entering the apparatus 
were dried with especial care. The water— alcoho] mixtures were prepared from rectified alcohol by accurate 
weighing on an analytical balance; the ether—alcohol mixtures were prepared from absolute alcohol and ether 
in a similar manner. The liquid catalyzate was analyzed by the method given in [11] The degree of conver- 


sion was determined as the ratio of the number of moles of reacted alcohol to the number of moles of alcohol 
fed into the reactor. 


i 


wo 


Fig. 1. 1/a@ asa function of 6 at 250 (the argon Fig. 2. 1/a asa function of § at 430°. 1) water, 
scale along the abscissa was reduced in half). 1) 2) ethylene, 3) argon. 
water, 2) ether, 3) argon. 


We ran two series of experiments; in one series the dilution was made with water, ether or argon at 250°, 
and in the other with dilution by water, ethylene or argon at 430°. In all cases 8 has a constant value, approxi- 
mately equal to one (within the limits of experimental error), which serves as evidence that the rate is retained 
in the selected dilution range. Using the experimentally found values of a, we plotted 1/« as a function of 


TABLE 1 


‘Tempera~ in 
ture in®*C PH,0 Dether | Dar atm=! in atm7! 


250 127-108 | 34.108) — 0.14+ 10° | 90 - 
430 0.54 105 — 10° | 2.00 0.83 


the dilution 6 (Figs. 1 and 2). From the slopes of the graphs we calculated the values of Djy,9, Dether and 


Dar at 250° and of DH,0, Dc,H, and Dar at 430°, and using equation (6) we found the numerical values 
of the adsorption coefficeints. The values of the adsorption coefficients found by us are given in Table 1, 


As can be seen from Table 1, the value of the adsorption coefficient for water at 250° is more than 4 times 
that of the adsorption coefficient for ether, and at 430° is more than twice that of the adsorption coefficient for 
ethylene, which is proof that water exerts a much greater hindering effect on the dehydration of ethyl alcohol 
than does either ether or ethylene. This result differs from the data given in [8], where it was found that the 
adsorption coefficients of water and ethylene have approximately the same values, We believe that the values 


given in [8] for the adsorption coefficient of ethylene is too high, due to an insufficiently careful drying of the 
ethylene, 
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DECOMPOSITION OF ALIPHATIC ALCOHOLS 
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According to the most widely accepted theory, supported by a series of experimental results, the catalyt- 
ic action of acids is due to the ability of acids to release protons to the reacting molecules with the formation 
of reactive ions, the transformation rate of which determines the reaction rate [1, 2] As a result, in acid cata- 
lyzed transformations the principal factors influencing the rate of reaction are the basicity of the reactant molecule, 
giving the concentration of the protonized forms, and the reactivity of the latter, A study of these factors con- 
stitutes one of the main problems of the theory of acid catalysis, 


This problem is solved relatively simply for the case of comparatively complex molecules, where the use 
of spectroscopic methods permits showing immediately the formation of protonized forms of the reagent in acid 
media, Thus, spectroscopic study of the reaction for the decarboxylation of benzoylformic acid [3] made it 
possible to determine the concentration of the protonized molecules of the reagent, and in this way find the 
values of both the basicity constants of the starting materials and the rate constant of the elementary act. 


Up to now the formation of ions has not been shown by direct methods for a number of very important 
reactions, such as hydration, hydrochlorination, polymerization of the lower olefins and the dehydration of alco- 
hols. However, the nature of the dependence of the rate of these processes on the acidity of the medium indi- 
cates that these reactions also proceed with involvement of the protonized molecules of the reagent [4] (for ex 
ample, the alkoxonium ions in the dehydration of alcohols). 


All of the above indicated processes were studied in aqueous media, for which reason the concentration 
of the reacting particles remained unknown, and from the experimental data only the effective rate constants 
could be found, including, besides the true rate constant of the limiting act, the thermodynamic value the 
basicity constant of the starting reagent [4] 


The sharp difference observed in the dehydration rate of a number of alcohols can obviously be due not 
only to a different decomposition rate of the corresponding alkoxonium ions, but also to a different concentra- 
tion of these ions, For example, in the presence of phosphoric acid, with the acidity of the medium, temper- 
ature and pressure kept constant, the decomposition rate of tertiary butyl alcohol exceeds that of isopropyl alco- 
hol by approximately 500 times [5] 


A sharp difference in the dehydration rates of alcohols was also observed when heterogeneous catalysts, 
such as Cag (PO,)2, Al2O3, etc. [6, 7] were used, which apparently also function as acid catalysts. 


A fault of the researches devoted to a study of the reactivity of alcohols was the fact that in them the 
reaction rates were compared at different concentrations of the reacting particles, In order to remove this 
falt we selected as study subjects solutions of HCl in anhydrous alcohols, in which, naturally, only the alcohol 
molecules are protonized. 


With sufficiently great dilution the HCl molecules show almost complete dissociation (10, 11], and con- 
sequently the concentration of alkoxonium ions will be practically equal to the stoichiometric concentration 


| 
| 


of the acid, Here, as experiment reveals, the dehydration of alcohols under the studied conditions yields only 
alkyl halides as the final products, 


The reactions that take place in the studied systems can be described by the following scheme: 


ROH + HCI ROHFCI- = ROH} + (1) 
(in dilute solutions the equilibrium is shifted to the right); 
ROH,'——+ + H,0 (slow) (2) 
R+ +Cl-— RCI (rapid) (3) 
ROH} + Cl-——> RCI + (4) 


If the formation of the alkyl chloride goes according to reactions (1), (2) and (3), then knowing the con- 
centration of the reacting particles makes it possible to find the value of the true monomolecular rate constant 
of the limiting act (2). 


We will mention that under our experimental conditions, we failed to observe the measurable formation 
of either olefin or ether, 


As study subjects, we took the aliphatic alcohols; ethyl, n-propyl, isopropyl, n-butyl, isobutyl and tert- 
butyl. The experiments were run at 65-95 and with different initial HCl concentrations (from 0.03 to 1.5 N), 
using the conventional] ampule technique. The alcohols were made thoroughly absolute employing the method 
of Lund and Bjerrum [9] 


TABLE 1 
n=Butyl Alcohol 


Temp. 


N,= N= 
=0,09344 0.2120 N|= 0.4486 Nl= 0,6982 N 


1 


ky-104, min” 


1,57 1,62 1,45 2, 2,36 2,70 
70,0 2,87 2,76 2,89 2,99 3,87 3,83 4,09 4,22 
77,4 6,39 6,39 6,50 6,17 7,51 7,87 8,14 8,43 
85,0 | 15,2 15,2 15,6 15,2 17,54 17,92 17,91 18,8 
92,8 | 35,8 35,3 35,4 34,3 39,5 37,3 38,7 38 , 9 


E, kcal/mole 
| 28,5 | 27,6 | 27,5 | 28,0 | 25,7 | 24,5 | 23,5 | 23,3 


ko, sec*t 
2,8-10!2 | | 3,35-10!7| 1,5-10!! | 2,67-10' 7,2-10® | 5,3-10" 


| 2,8-1012| 


As an example, we give in Table 1 the results obtained using n-butyl] alcohol (ky is the monomolecular 
constant, E is the activation energy, kg isthe pre-exponent, and Ng is the initial HCl concentration). As can 
be seen from the table, the reaction is excellently monomolecular with respect to HCl in dilute solutions (from 
0.03 to 0.2 N). The deviations from a first-order reaction observed at lower temperatures and higher HCl con- 
centrations are probably due to the parallel progress of the bimolecular reaction (4). The statements in the 
literature that this reaction is bimolecular in nature is explained by the fact that in the indicated studies the 
experiments were run either at lower temperatures [8] or at higher HC] concentrations (12, 13). 


Analogous results were also obtained for the other alcohols studied by us, 


As a result, under our experimental conditions it is the monomolecular mechanism that predominates 
(reactions (1), (2) and (3)). Obviously, the values of the monomolecular constants characterize the decomposi- 
tion rate of the alkoxonium ions, which appears as the limiting act also in the dehydration of alcohols using 
aqueous acid solutions, 
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TABLE 2 


cal 

Alcohol kg, sec 
C,H;OH 31000 2,54 + 104 
n=C3H;OH 29700 2.12+ 
n=C,4H,OH 28500 6.35 + 10! 
i-C3H,OH 29600 2.50 + 108 
i-C,HyOH 24500 4,94 + 10° 
tert-C,H,OH 28200 1.96 104 

yr 

1 i | 


8S 


+— —log, k, (min=4) 


$ 


The dependence of the found constants on the 
temperature, at an initial HC] concentration of ap- 


7) 28 28 30 proximately 0.03 N for various alcohols is plotted 
+-00° in Fig, 1. 


The values of the energies of activation and 
Fig. 1, 1) i=C4HyOH; 2) 3) ofthe pre-exponents, calculated from the obtained 


5) CHRON: 6) data, are given in Table 2(at a HCl concentration 


approximately equal to 0.03 N). FromTable 2 it follows that the energies of activation are essentially the 

same for most of the studied alcohols, whilethe pre-exponential factors are close to normal. * Isobutyl alcohol 
is an exception, for which both the energy of activation and the pre-exponent are substantially lower. It is possi- 
ble that in this case the reaction goes by a different, more complex mechanism, and the found values of thé 
constants do not correspond to the true ones, 


The close values of the monomolecular constants for most of the studied alcohols indicate that the greater 
difference observed for the dehydration rates of alcohols in aqueous acid solutions is mainly due to a difference 
in the degree of protonization shown by the alcohols, i.e., to a difference in the concentration of the reacting 
ions, and only in comparatively slight degree to a difference in the transformation rate of these ions. 
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FORMATION OF VIBRATIONS IN THE PASSAGE OF A CURRENT IN 


ELECTROLYTIC SYSTEMS WITH A FALLING POLARIZATION 
CHARACTERISTIC 


Yu. A, Chizmadzhev 
Institute of Electrochemistry, Academy of Sciences of USSR 


(Presented by Academician A, N. Frumkin, July 30, 1958) 


Processes are known in electrochemistry that lead to the formation of polarization characteristics with 
descending portions, for example, the N-type of characteristic (Fig. 1, a). Equipotential systems with such a 
characteristic were discussed by Franck [1], who showed that the stationary states on a descending branch could 
be unstable, This result follows directly from the theory for the vibrations of systems with one degree of free- 
dom [2] However, the characteristic traits of the phenomena arising in such systems were linked with a def- 


inite mechanism for the formation of the descending portions of the polarization curve, and specifically with 
the mechanism of passive film growth, 


A, N. Frumkin expressed the theory that the phenomenon of instability in equipotential and distributed 
systems with falling polarization characteristics bears a general character and permits a purely phenomenologi- 


cal treatment. A discussion of extended systems, where the different points of the electrode surface correspond 
to different portions of the polarization characteristic, is of special interest, This last circumstance, as will be 
shown below, leads to a number of important features that are not present in the equipotential case. Systems 
with distributed parameters have been discussed in the literature [4], but here the nonlinear element was con- 
sidered as being centralized. The present paper is devoted to a discussion of the phenomena occurring in dis- 
tributed electrochemical] systems, possessing a polarization curve with descending portions, 


As the model of a distributed system, we will consider a tube having a length of 2 J, filled with an elec- 
trolyte and showing symmetrical polarization at both ends (Fig. 2)s 


at x = Oandx = 2]; 


The equation for the stationary distribution of the potential in the cylindrical coordinate system has 
the form 


Ox? | Or? (1) 


The anodic process takes place on the tube surface at r = fg, i.e. the limiting condition holds 


where j(¢) is the polarization characteristic of the electrode reaction, Following V. G. Levich [5], we will 


employ the concept of the chemical resistance Rchem = dg /dj. We will examine the case where the potential 
drop due to chemical] resistance is considerably greater than the potential drop due to the transverse ohmic 


dp _ 
0 
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tr 
resistance — = 19/K. It is easy to show that when the inequality aad Rohem < ! is fulfilled 


equation (1) changes to the equation 


— j (¢)=0, 


first derived by A, N. Frumkin (3] directly for the one-dimensional case, 


| 
Fig. 2, 


The equation can be used to investigate different forms of the j(y) function, 


1) The linear ascending characteristic j = Ky, when discussing an infinite tube polarized at one end 
(A, N. Frumkin), leads to the following distribution of the potential and the current; 


, , K 
— ‘ont — ax 
Hie = Ge » & 
2) The linear descending characteristic j = K(¢g — ¢) for a finite tube, under the conditions g = 
8 0 x=0 
= $4, a. ; = 0, leads to the following distribution of the potential: 
x = 


® = Po — (Fo — 91) [t ga'l-sin a’x + cosa’x], 


having, generally speaking, an oscillating character. Setting dg/dx = 0, we have tan a*2 =tan ax, from 
which it is directly obvious that the solution of g(x) is monotonic, if 4K /kty < mw /2, Actually, dg /dx = 
gpa'tan atl < 0, ifatl < 7/2 


3) The region of weak anodic polarization (up to the point of inflection on the descending branch of the 
curve, Fig. 1, a) can be approximated using the function j(g) =— K + 


Replacing the variable g — gp = u and introducing the terms K kIg= a, Ky Ktg= B, Uy =7 =U, 
we come to the equation d*u /dx? =— ou?+ 8B and the limiting conditions u=u*, du/dx=0,x= JZ. Here 
u* designates the given potential at the point x = 0, The solution has the form 


1 — 


u = Uy — —- ’ (u, — us)}"( — x), 


where sn Z is the elliptic sine, k is its modulus, and uy and ug are the roots of some equation, having the form 


The solution has an arbitrary constant which can be determined from the limiting condition u, , 9 =u: 
1 —sn?z* 
= uy — (Uy — Uy) =W(u)). 


At Go, ¥>— Gp: at u,>%e, ¥ 


In the interval < — @ ; + ¢ > function ¥ (uz) is continuous and assumes the value 4 gp at the limits, 
Consequently, there exists only one point u = uf, where ¥(u i y=u% 
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When the argument of the elliptic sine is small, it becomes possible to simplify the series and finish 
the solution: 


2 2 
V (ur) = (%—ui), 1, 


It is easy to see (Fig, 3) that in the last case the stationary state is unique, and uy < u®, ite., the potential 
along the tube decreases. Assigning a limiting potential to ithe descending branch (u* > 0), we, generally 


speaking, obtain u i on the same branch, However, with a very small positive limiting potential u*, the re- 


gion of potentials, being realized along the tube, embraces a portion of the ascending branch, i.e. u,* becomes 
negative. 


The region of strong anodic polarization (to the right of the in- 
flection point in Fig, 1, a) permits a similar treatment. The stationary 
states are described by the equation 


u—u,+ V3 + B/a) 


where B = B*/ xt, and 8* corresponds to the current in the region of 

the minimum on the polarization curve, For positive values of u? in- 
dependent of the absolute value of the latter, the region of the values 
of the potential is bounded by the ascending branch of the curve j(¢). 


—* Any stationary distribution requires an additional investigation 
for stability, which, however, is usually not taken into consideration when solving electrochemical problems, 
Strictly speaking, only the stable solutions are stationary ones. We will write the expression for the dissipated 
energy, whichrepresents a particular case of the genera] vibration principle (the idea of the method and a num- 
ber of applications are contained in [5]): 


wry \ (52) dx +2 


The first integral corresponds to the ohmic losses, while the second corresponds to the energy that is dissipated 
in chemical resistance. It is known [6] that a stationary distribution of the current in a medium with a con- 
stant K corresponds to the minimum dissipation of energy. The presence of a negative chemical resistance 
may prove to put the dissipated energy at a maximum. Calculation of the second variation 5?W reveals that 
the necessary condition for a minimum has the form x > 0 and is executed identically, 


In our case the Jacobi equation has the form 


If the solution n(x) has roots inside the interval (0, 22], then the extremal cannot give the minumum of integral 
W[7]} In the Jacobi equation dj/dg is known from the previous discussion of the function of the x coordinate, 
Let dj /dy = K. Then solution has the form n ~e— a x the roots are absent, and the dissipated energy is 
minimum. If dj/dg=—K,then n = x sin and for the case /K /kty < m /2 there are 
no roots, which corresponds to minimum W. If /K/ktgl>/2, then the dissipated energy in the given station- 
ary state cannot be minimum. It seems natural to conclude that such stationary states are unstable, all the 
more so since exact calculation for the case of linear characteristic of both signs using the provisional equation 


wer al? 
--- 
1 
' 
| 
! 
a dj 
— Gq 0, 4 (x) 0, (x) 1. 
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2 2 
Cc KIg leads to the following asymptotic expression: gy ~ exp {fs ~ (3) , from 
which derives the same criterion of stability 4K / 2 


A characteristic feature of systems with a falling characteristic consists in the fact that Rchem < 0 leads 
to a distribution of the current that is *unprofitable® for the ohmic resistance — a greater current travels a long 
way. However, since the total dissipated energy consists of two parts, the sum may be minimum. With increase 
in Rohm or simply in the length of the tube , the ohmic losses increase and, beginning with a certain critical 


value of the parameter = the systern loses its stability; the chemical re- 
Rohem 
sistance can no longer impose an *unprofitable® distribution of the current on the system, The presence of an 
unstable stationary state is not sufficient proof ofthecreationof autovibrations, The possibility of unlimited 
increase in the potential should be excluded, Characteristics of the N-type satisfy this condition, since the 
ascending branches limit an increase in the potential, while the descending portion leads to the creation of in- 
stability. A unique difference from systems with one degree of freedom consists in the following. For atuo- 
vibrations to arise in the equipotential degenerate system &@g/dt = F(g) it is necessary that F(g) be unsynony- 
mous, In distributed systems this limitation is removed due to the presence of the first term in the equation 
C 5 = fo st — j (9). Thus, there is basis to assume that the stationary state in the system is either 
a periodic or a quasiperiodic process, 


The opinion has been frequently expressed that the presence of a descending branch of the characteristic 
in the system makes possible the establishment of a state that corresponds to a rectification of the polarization 
curve (Fig. 1, b). However, as has been indicated by A, N. Frumkin, such a state cannot be realized due to the 
fact that the potential suffers discontinuity here, 


In conclusion I wish to express my deep gratitude to Academician A. N. Frumkin for arranging this prob- 
lem and for valuable counsel, and to Acad. Sci, USSR Corresponding Member V. G, Levich for directing the 
work, 
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THE SALT EFFECT AT THE EXCHANGE OF DEUTERIUM IN 
LIQUID AMMONIA 


A. I. Shatenshtein, Yu. P. Vyrskii and E. A. Rabinovich 
L. Ya. Karpov Physicochemical Scientific Research Institute 
(Presented by Academician V. N. Kondrat'ev on July 31, 1958) 


There is little published information on salt effects in deuterium exchange. A convenient medium 
for use in the study of these effects is liquid ammonia, for it has a low dielectric constant and is a good sol- 
vent for many salts, as well as for organic substances, 


Information on the influence of salts on the reaction kinetics of lactones, esters and halides were 
previously established [1], Other authors confirmed the conclusions [2, 3]. Neutral | Salts accelerate these ge 
actions the greater their charge and the smaller the radius of their ions,(Ca > Sr > Ba Li > Na ; 
Cl” > Br > NO; > I~ > ClOq). The energy E and the entropy of activation AS® also increase. 


TABLE 1 We assumed that the laws governing the salt 
: effect at the deuterium exchange and the solvation 
reactions inliquid ammonia are similar. The pre- 


Material kp + 104 1" k- 104 liminary experiments were performed with indene 

and acetophenone [4} The velocity constants (sec™4) 

were calculated from a first-order equation: kg with- 

Indene 4.9 40.2 (8)} 1.3 16.44 0.6(7)] 1.3 out salt, k with Ca(NOs), addition (see Table 1; ex- 

Acetophen- periment number in parentheses; temperature kept 
one 0.71 +0.01(4)| 3.1 [2.94 0.3(9) | 4.1 at 25 4 0.05°). 


Systematic experiments (see Table 2; num- 
ber of measurements in parentheses) were performed with methyl-8-naphthyl ketone (melting point before and 
after the experiments 52,5-53.%). This substance (0.2 g) was dissolved in ammonia (~ 2,5 g) in the presence 
of the carefully dried salt (various preparations of the salt were often taken) at a concentration of about 2.5 N. 
Without salt the duration of the experiments was 0,5-2 hours, while with salt it was one-half hour. The reac- 
tion was quenched by pouring the mixture into ® water. The ketone was extracted with ether and after separa- 
tion was distilled in vacuum. The D concentration in the water, determined by combustion of the material after 
the experiment, was found to be Cy, = 0.5 - 2 atomic % D, while the D concentration in the original ammonia 
was Cp = 10-11 atomic % D. 


For the determination of the activation energy and entropy (Table 3), the experiments were carried out 
with methyl-8-naphthyl ketone, the methyl! group of which was partially deuterated (4.76 atomic % D) and 
with normal NHy For 0.2 gram ketone 12,9-13.0 grams NHg were obtained. For 1 gram~equivalent of the 
salt 8.0-8.3 moles of NHg were required, 


We also studied (see Table 2) the displacement of the equilibrium of the formation of colored complexes 
of 3,5-dinitrobenzoic acid (J) and of phenolphthalein (IJ) with ammonia, when salts were added [5]. The spec- 
trophotometric measurements [6] were performed by E. A. Rabinovich. In case (J, using 5+ 10°* M/liter, we 
determined lgc€ ggg at 254 0.2 in 0,1 N salt solutions, In case (Il), at 4° 10 5 M/liter the measurements 


were performed at A = 572 mp with 0,01 N salt solutions; we lowered the pH of solution (I) in NHs by adding 
6+ 1074 M/liter 


| 


TABLE 2 


Deuterium ex- | Equilibium of the complex 
change at 26 +| formation 

0.05, k+ 104, 


Without salt 
Ca(NOQO,), - 

4,49 10,03 (3) 
4,53.-0,02 (3) 
4 6740,02 (4) 
KNO, ‘ 2,704 0,05 3,26-.0,06 (5) 
RbNO,* 2,08 02 3,9540,08 (3) 
3,604 0,02 (3) 
$,524.0,05 (9) 
3,4740,04 (3) 


3,940,038 (3) 


*In 0.03 N solutions of RDNOs and CsNOg the following values were 
obtained for lgégg5: 2.40 + 0.12 (5) and 2.244 0.08(9). For 
AgNOsg Igé€g55 = 2.76 + 0.03 (5). 


We also give here the results of kinetic experiments, carried out in the presence of 2.5 N ammonium 
salts (number of measurements in parentheses). 


Salt NH,Cl NH,Br NH,CNS NH,NO, NH,CIO, 
104 2,6+-0,0 (2); 2,14-0,05 (2); 2,24-0,2 (5); 2,14-0,05 (3); 1,84-0,05 (2); 1,540, 4 (3) 


TABLE 3 


ven pera4Dura tion | Tem pera Duration 


of ex- e of ex- 
peri» Cw ture C peri- Cw 
ments,hr ments, hr 


ture °C 


Without salt 3,9 N Ca(NO,), 


299990 ooo 
SRR 


Kinetic measurements of the deuterium exchange confirmed the assumption expressed by stating the prob- 
lem of this work, Deuterium exchange reactions are accelerated by salts and this behavior remains the same 
throughout the series of cations and anions which were previously determined by ammonolysis. This is 
k in salt solution 

k without salt 
naphthyl ketone (D, the ammonolysis of pilocarpine (I) (2c) and the ammonolysis of ethyl chloride (I) [le] 
(Table 4). 


illustrated by data presenting the value of 


+ 100 for the deuterium exchange of methyl- B- 


NaCNS | 1,6 +0,05 (2) - 
11 40,0012) | | 

| sec! 
on 15 ' 1,37 0,43 15 2 1,20 1,90 
1143 0.42 1.19 1,90 
1,27 AE 

1,44 0,42 35 0,5 0.79 10,0 

1.54 79 4 

1.56 
150 0:80 15 
1145 
1°62 1,5 
1.67 1.5 
1,85 

2 1,65 

163 

1,67 

38 


The same regularity was observed in the case of santonin [1a], desmotroposantonin [1b], tartaric [1b] and 
benzoic [2a] esters, 2-chloro-benzothiazole [3b] and of 9-chloro-9-phenyl fluorene [3d]. 


Similar series of cations and anions were obtained by determining the shift of the complex formation 
equilibrium: 


3,5-dinitro-benzoic acid: Lit >Nat>K!>Rbt (>Cs*); >Clo,- 
Phenol phthalein; Batt >Srt+ Li! > Nat>Kt<Rbt; Cl->Br-> NO,>I->cl0, 


The above-mentioned sequence of anions is contrary to the series determined by measurements of the 
electrical conductivity [7] and of the osmotic coefficients [8] of the very same salts in NH3, showing that the 
salt effect is a function of the ionic field strength. 


TABLE 4 


| 


‘Nitrate salts Sodium salts 


Sr++ | | Lit | Nat | NH, NO,;- | | ClO,- 


Salt conc. 
in N 


350 350 350 230 190 f 24 230 170 115 
340 166 133 208 125 
104 306 376 316 250 - 206 203 


*Sodium bromide, iodide and nitrate accelerate the deuterium exchange more strongly 
than the ammonium salts, while ammonium thiocyanate, and perchlorate are more active 
than the sodium salts. 


Let us investigate how the parameters of the Arrhenius equation change when salt is added. In the 3.9 N 
solutions of Ca(NO )z and NaClQO, the activation energy E increases by 3.3 kcal/ mole (14. 511.2 kcal) and the 
first exponent increases by a factor of 1500 and 250 (without salt lg A = 4.1; with Ca(NO,), 1g A = 7.3 and with 
NaClO, lg A = 6.5). The entropy of activation (AS* = 4.576 lg A/T = 49.203) increases correspondingly by 
15 and 11 entropy units, In the presence of salt the ammonolysis of pilocarpine [ic] is accompanied by an 
even more impressive change of the kinetic parameters. 
So, by raising the NH,Cl concentration from 0.1 to 5.0 N, 
Parameter NaNO, | NaClO, the value of E increases to 6 kcal and A - w increases 
4: 10% times. The salts increase the values of E and A 
4E, kcal 3.0 3.9 also in the case of the ammonolysis of diethyl malonate, 
A/ Ag 400 1000 ethyl benzoate [3b] and of 9-phenyl-9-chlorofluorene 
A(AS *) entr.units 14.0 [8d] The activation energy and entropy of the ammono- 

lysis of pilocarpine increase with increasing radius of 
the anion of the 2Nsalt. In Table 5 the kinetic param- 
eters are compared or related to the same parameters obtained in the absence of the salts, 


TABLE 5 


The theory of the kinetic and thermodynamic salt effect makes use of the theory of strong electrolytes, 
but like in the case of ammonia solutions of uni-univalent salts, this theory applies only at concentrations 10° 
times lower than those we had to deal with in the present work (see [9]). It is obvious that the current quanti- 
tative theory of the salt effect is not suitable for discussing the above described results. 


Osmotic measurements [8] indicate that the ions are associated in concentrated ammonia solutions, The 
osmotic coefficients plotted as a function of concentration pass through a minimum which shifts toward the 
lower concentration region as the radius of the anion increases. The existence of the minimum may be under- 
stood by calculating the solvation of the salts, The constitution of the concentrated solutions does not differ 
much from that of higher crystal ammonates. (E.g.,8 moles of NHg are required for one gram~=equivalent of the 
salt in an approximately 4 N solution.) The heat of formation and the stability of the crystal ammonates in- 
crease with increasing charge and decreasing size of the cation with the same anion and with increasing volume 
of the anion, if the cation is kept unchanged [10} Coincidentally the number of ammonia molecules entering 
into the constitution of the highest ammonates increases also, By this means the location of the minimum of 
osmotic coefficients, plotted as a function of concentration, is adjusted. 


Da 
Il 1350 
ill 
39 


In order to insure that reactions occuring in concentrated salt solutions will take place with the solvent 
participating, a molecule under the influence of the ionic field requires a larger activation energy than it would 
in the absence of the salt. The lower level of solvation of the activated complex in the salt solution is related 
to the increase of the reaction‘s entropy of activation which helps to accelerate it. The increase of the entro- 
py of activation of the deuterium exchange in an approximately 4 N solution of Ca(NO,)2, compared to the 
hydrogen exchange in the absence of the salt, amounts to 14,7 entropy units, while the entropy of the melting 
process of NHs is equal to 7 entropy units, The entropy effect of the*thawing out" of the solvent’s molecules 
prevails over the increase of the activation barrier. This is inferred from a nearly sixfold acceleration of the 
reaction. 


It is known [11, 12) that for many reactions there is a linear correlation. between the enthalpy change 
4H * and the entropy of activation AS*. For the salt effect of the deuterium exchange of methyl- 8-naphthyl 
ketone this is expressed by the equation AH* = 20000 + 225 AS * and for the salt effect at the ammonolysis 
of pilocarpine by the following equation AH* = 19000 + 225 AS*. 


The stated considerations agree well with previously described regularities of the salt effect of deuterium 
exchange and the ammonolysis in liquid ammonia and explain their correlation, The nature of the phenomenon 
under consideration is doubtless for more complicated and many sided. Further research is required to help in 
clarifying it. 


We thank Ya. K. Syrkin,Corresponding Member, Academy of Sciences USSR, and _ Prof. M B. 
Neiman for valuable observations, 
LITERATURE CITED 


[1] A. L Shatenshtein, G. S. Markova, E, A. Izrailevich, a) J. Phys. Chem. 7, 26, (1936); b) 8, 696 
(1936); c) 13, 1175 (1939); d) 17, 24 (1943); e) Proc. Acad. Sci., 35, 73 (1942). 


(2] L. F. Audrieth, et al., a) J. Am. Chem. Soc. 60, 579 (1938); b) 61, 2387 (1939); c) 64,2498 (1942). 


[3] R. C. Anderson, G. W. Watt et al., a) J. Am. Chem. Soc. 63, 1953 (1941); b) 64,467 (1942); c) 65, 
49 (1943); d) 66, 376 (1944), 


[4] A. L Shatenshtein, and Yu. P. Vyrskii, Proc. Acad, Sci. 70, 1029 (1950); J. Phys, Chem. 25, 1206 
(1951). 


[5] A. L. Shatenshtein, E, A, Izrailevich and N. M. Dykhno, J. Phys, Chem. 13, 1791 (1939); 16, 73 (1942); 
Acta Physicochim. URSS, 17, 230 (1942). 


(6] A. L Shatenshtein, E. A. Izrailevich, J. Phys. Chem. 26, 377 (1952). 
[7] V. A. Pleskov, A. M. Monoszon, E. N. Gurtyanova, J. Phys. Chem. 3, 221 (1932); 8, 345 (1936). 
(8] A, I. Shatenshtein and L. Z, Uskova, J. Phys. Chem. 6, 985 (1935). 
[9] V. A. Pleskov, J. Phys. Chem. 10, 601 (1937). 
{10} Van Arkel, The Chemical Bond, 1934, p. 147. 
(11) Ya. K. Syrkin and M, A. Gubareva, Proc. Acad. Sci. 23, 685 (1939), 
{12} J. E. Leffler, J. Org. Chem. 20, 1202 (1955). 


Received July 25, 1958 


= 


MEASUREMENT OF THE RATE OF COMBUSTION OF A POWDER 
UNDER DETONATION WAVE CONDITIONS 


A. Ya. Apin and L. G. Bolkhovitinov 
Institute of Chemical Physics of the Academy of Sciences of the USSR 
(Presented by Academician V. N. Kondrat'ev August, 16 1958) 


It is certain that the raie of combustion of individual grains in a detonation wave is less than the rate of 
detonation. But direct measurement of the rate of combustion of a powder, under pressures of the order of - 
20,000 kg/ cm? is extremely difficult. The only data in the literature is that of Basset [1], who measured the - 
rate ofcombustion at 10,000 kg/cm*. Basset established that the combustion rate was directly proportional to 
pressure, and, for powders similar in composition to NB powder, he obtained an absolute value of the combus- 
tion rate of 0.95 m/second at 10,000 kg/ cm*, If the data of Basset is extrapolated to pressures of 50,000 and 
100,000 kg/ cm”, then the time derived for the combustion of powder grains under detonation wave condition is 
greater than the time calculated from the data on critical diameter and on the change in detonation rate of 
the powder as a function of the diameter of the charge. The combustion of a grain of powder or explosive must 
occur more rapidly in a detonation wave than under static conditions, since, in the first case, it is heated by 
adiabatic compression during combustion. 


We do not know how much a grain is heated, nor the temperature coefficient of the combustion rate at 
ultrahigh pressures, so that a direct measurement of the combustion rate was of interest. By means of the 
ionization zone method, we were able to measure veryshort time intervals, and hence to obtain a direct meas- 
urement of the rate of combustion of a powder grain in a detonation wave. (The oscillograph OK=17 m used 
had a maximum scanning speed of 30 cm/p second, and its screer produced photographic impulses making it 
possible to measure short time intervals with a precision of 0.01-0,02y seconds.) 


In order to measure its rate of combustion, thetablet of NB powder was mounted on a strip of wood, 20 
mm wide, as shown in Fig. 1. The tablet (4 x 4 x 0.3 mm) was placed over the detector, Ks. So as to prevent 
the eruption of gases, the tablet was covered with a thick layer of coating material, leaving only a small por- 
tion uncovered in the center of the upper surface. The top was all covered with copper foil except for a small 
opening over the free surface of the powder tablet. 


A cardboard box, 20 X 20 mm, was glued to the wooden strip, and filled with a charge of powdered 
blend of TNT and trimethylene trinitramine TG 50/50, composed of small particles (about 0,02 mm), The det- 
onation of this charge controlled the conditions for combustion, Since the particle size of this controlling charge 
was less by an order of magnitudethanthat of the powder tablet, it may be reckoned that the combustion of the 
tablet occurred mainly at the Zhuge point at nearly constant pressure. Under these conditions, a change in the 
density of the controlling charge could be used to alter the pressure at which combustion occurred. 


When the controlling charge was detonated, the detonation wave was propagated in the direction shown 
by the arrow in Fig. 1. The oscillograph was triggered by the first detector. The oscillograph showed its first 
blip when the wave reached the edge of the detector Kg, located over the boundary of the free surface of the pow- 
der. It was reckoned that the powder ignited at this instant. The detector Kg was energized when the powder 
was completely burnt, and produced a second blip on the oscillograph, 
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A smal] amount of air could always remain under the powder tablet. This air layer was compressed by 
the shock wave, and was thus heated and would set fire to the powder tablet. In this case, combustion of the 
tablet would proceed from both sides. Accordingly, the time interval should be doubled when calculating the 
rate of combustion from the equation v = hg/At, where hg is the original thickness of the powder tablet, and 
At is the time interval] between the first and second impulses. But in a number of cases there was no air layer, 


so that combsution would not take place from one side, and the combustion rate, calculated as above, would 
have to be doubled. 


m/ second 


60:10" kg / cm? 


Fig. 1. Method of fixing powder tablet. a) Condi- Fig. 2, Variation of the rate of combustion of the 
tioning charge; b) powder tablet; c) detonation powder tablet with the pressure at the front of det- 
front of conditioning charge; d) foil. onation of the controlling charge. 


Since there was no means of telling in which way the tablet had combusted, the combustion rate was cal- 
culated in the same way for al] the experiments, and the results are shown on a single graph. The density of 
the controlling charge varied from 0.60 to 0.90 g/cm*, The pressure at the Zhuge point, at which combustion 
occurred, was calculated approximately from the known formula p = paD*/ (k + 1), where k was taken as 3. 


Figure 2 shows that the rate of combustion increased linearly with increasing pressure. All the experi- 
mental points fell into two groups, the mean values of which were approximately in the ratio of 1: 2. 


It may be finally concluded that, under the conditions of a detonation wave, the rate of combustion of NB 
powder is about 200-300 m/ second (at a pressure of 60,000 kg/ cm), 
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THE ISOTOPE EFFECT IN THE CRACKING OF ETHANE 


A. M. Brodskii, R. A. Kalinenko and Corresponding Member Acad. 
Sci. USSR K. 


P, Lavrovskii 


This paper is concerned with the isotope effect in the cracking of ethane labelled with radioactive car- 
bon 


Experimental investigations have been published [1, 2] on the cracking of the propanes C,H,-CH, and 
C3Hs—C™H3. In these, by measuring the activity of the methane formed by cracking? it was established [2] 
that the bond was ruptured about 8% more frequently than or bonds. As was noted 
in [2], the large value of the effect, and the fact that it was the same for c4—c!? and CBC? were at vari- 
ance with theoretical predictions [3], based on the use of the transition state method. 


In our opinion, a possible explanation of this discrepancy is that, in the case of molecules with a plane 
of symmetry perpendicular to the direction of the chain, the introduction of a labelled carbon atom into the 
carbon skeleton disturbs the above mentioned symmetry and eliminates the quantum degeneracy [4]. The ex- 
istence of degeneracy in unlabelled molecules and, associated with this, the preservation of symmetry during 
decomposition, restrict the number of possible end states of the decomposing molecule and, generally speaking, 
must produce a change in the rate of decomposition, as compared with labelled molecules. The above proposi- 
tion is of a very general nature, and is not specially associated with the use of the concept of the transition 
state. It is clear that the existence and value of the isotope effect are of great importance for checking the 
position and for methods of calculating chemical kinetics. 


In this connection, we investigated the isotopic effect in the high temperature cracking of the ethanes 
c¥H,- CH, and C#H,-C“Hy. The decomposition mechanism of ethane is essentially simpler than that of 
propane, since the molecule C2Hg differs from C3sHg in containing an even number of carbon atoms. 


The experiments were carried out at ~850° and a pressure of 50-80 mm Hg, by the previously described 
[5,6] method, in a reactor with practically complete mixing. With such a reactor [5], the concentration of each 
product in the reaction mixture was directly proportional to the velocity constant of its formation, so that the 
specific activity of any final product was directly proportional to the ratio of the rates of formation of the cor- 
responding active and unlabelled analogs. The separation and analysis of the reaction products was carried out 
chromatographically [7]. The original ethane, consisting of a mixture of cH, and chee had an activ- 
ity A = 213 counts/ minute, at 1 mm Hg, in an internally filled counter SBM-8, which corresponded to approxi~ 
mately 1520 counts, minute per normal cm*, The original gas was purified chromatographically [7], in order 
to remove possible traces of inactive ethylene and methane. The results showed that over a wide range of con- 
versions, the activity of the ethylene formed was the same as that of the original ethane, to a precision of 1% 
But the activity of the methane was considerably less than A/ 2, the value to be expected if there were no iso- 
topic effect. 


Table 1 shows the activity of the methane, as a percentage of A/ 2, as a function of the ethylene con- 
tent of the cracked gas. It is clear from the table that the methane activity was approximately 10% less than 


*Cracking was carried out with a mixture of active and inactive propanes. The activities of the other products, 
besides methane, were not quoted in [2]. Data on the activity of the methane formed was only given in this for 
two very high degrees of conversion. 


A/ 2 and altered relatively little with the extent of reaction. The values found for the isotopic effect were 
close to those obtained [1, 2) with propane. 


TABLE 1 First and foremost, the results confirm, for the case 


of ethane, the large value of the isotopic effect in the 
Content of Cat | Activity of CHy methane formation reaction, previously observed with 
at propane. The values of the effect are of the some order 
mm Hg acm: A/2 for methane from CgHg and C3Hg, and this provides an 

. argument for the existence of the same stages in CH, 
formation in both cases. 


Pressure in 


1.7 90 4 
10.7 85 4 Note added in proof. Preliminary experiments, 


on the cracking of a mixture of the ethanes C!¥H,- 
86 4 
96 and C4H,-CH,, showed that the isotopic effect 
1 8. 9 81 . for methane was considerably less in this case than for 
the cracking of The activity of the meth- 
23.5 90 
ane was approximately 5% less than A/2. This serves 
23,7 88 4 
to confirm the above proposition that the anomalously 
high value of the isotopic effect in the cracking C#H,- 


-c%n, is due to a quantum effect associated with dis- 
turbance of symmetry. 
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USE OF THE DROPPING MERCURY ELECTRODE FOR THE DETERMINATION 
OF DIFFUSION COEFFICIENTS 


Evgenii Budevskii 
Sofia State University, Sofia, Bulgaria 


(Presented by Academician A. M, Frumkin, September 1, 1958) 


L Equation of Limiting Diffusion Current 


From measurement of the limiting diffusion current with a dropping mercury electrode it is possible to 
calculate the diffusion coefficient of the material taking part in the electrode process. But for this purpose it is 
necessary to have a sufficiently precise diffusion current equation. The Ilkovic equation 


ig = 0,627 nFcom’* 


which has been used for this purpose [1], is only a very rough approximation [2], since a number of effects, 
characteristic of the dropping mercury electrode, are neglected in its derivation: 


1, Spherical diffusion. It has been established, as the result of a large number of experimental and theo- 
retical investigations [2], that curvature of the mercury drop is the cause of an increase in the diffusion current, 
as the result of spherical diffusion, An exact solution of this problem was given simultaneously in 1953 by 
Koutecky [3] and Matsuda [4], who showed that calculation of spherical diffusion leads to a correction factor 
(1 + 3,9 x) for instantaneous values of the current, or (1 + 3.4 xg) for mean values of the limiting current, to be 
applied to the Ilkovic equation, Here x = DY2 or Xo = Lis the time from the 
ginning of the life of the drop, t) is the drop time in seconds, 


2 Effect of screening. Diffusion to the upper part of the mercury drop is retarded by the proximity of 
the capillary. If it is assumed that the part of the drop surface, situated within a distance 6 = / 4, Dt from 
the capillary (6 is a measure of the depth of the change in concentration), does not take part in the electrode 
process, a correction factor is obtained equa] to ( 1— 2,3 x) and (1 — 2.0 x) for the instantaneous and mean 
currents respectively. Since x and xg are usually less than 0,1, it is permissible to neglect the square terms, 
and to combine the screening and spherical diffusion corrections to give the correction factors (1 + 1.6 x) and 
(1 + 1.4 x9). It is obvious that this screening correction is exaggerated, since the effectively screened part of 
the surface does play some part in the electrode process. In his attempt to derive a more precise treatment, 
Matsuda [4] obtained an expression in which, as the result of a reduction in the screening effect, the combined 
correction factors were (1 + 2.3 x) and (1 + 2.1 x9). 


3. The effect of decrease of concentration of the electrochemically active component in the immediate 
vicinity of the drop surface was first investigated experimentally by Hans, Henne and Meurer [5]. These authors 
showed that the effect of impoverishment of electrolyte led to a decrease in the current, which was also pro- 


portional to the parameters x and x», and could be expressed by a further decrease in the correction factor for 
spherical diffusion. 


These three effects can therefore be expressed by a single correction factor in the Ilkovic equation, which 
takes the form of (1 + A* x) for instantaneous current and (1 + A xq) for mean current, where A‘ and A are em- 
pirical constants (A* < 3,9 and A < 3,4), 


4. Effect of capillary pressure. All expressions for the limiting diffusion current are based on the assump- 
tion of a constant rate of flow of mercury. But it is known that the rate of flow is considerably reduced at the 
beginning of the life of a drop, owing to the high value of the capillary pressure Pg = 20 /r, which acts against 
the pressure producing the mercury flow. For this reason, the mean value of the rate of flow is used in the ex- 


pression for the mean diffusion current. A somewhat better approximation is obtained if, in the expression for 
the instantaneous value of the diffusion current 


7D 


ig = 


(1 +- A’x) 


the electrode surface, q, is calculated in the usual way from the drop weight, but using the drop weight given 
by the approximate Smith equation [6] 


W == mot (1 — 4/98 (mot) — 3/,8? 


in which allowance is made for changes in the rate of flow of mercury for different stages in the development 
of the drop. Here s = 5.79: 10™ o /h, where @ is the surface tension of mercury, h is the pressure causing the 


mercury to flow, Mpg is the rate of flow of mercury into mercury (i.e., when Pg = 0) in grams per second. 


Integration of the equation obtained in this way gives, for the mean current 


ig = 0,627 + th — 
— 1,4 s — 2,9 s* (moto) — 1,4 AD* to", (a) 


in which all terms of the second order are omitted from the correction factor. The integration should not be 
carried out from t = 0, because the Smith equation gives negative values of W for very small values of t. The 
lower limit of integration is therefore taken as the value of t at which ig is extinguished. The error involved 
may be calculated from a precise expression for the relation between W and t. This leads to a rather compli- 


cated expression. The corresponding correction, involving the capillary radius, is usually very small and may 
be neglected. 


5. Deformation of drop under the influence of its weight. Photographs of large mercury drops [5, 6] show 
that the latter are pear shaped rather than spherical, i,e., they can be represented as spheres with greatly elon- 
gated necks. This deform ation becomes significant at a drop weight greater than 4-5 mg. Although, in this 
case, the surface of a drop alters very little in comparison with the surface of a sphere of the same volume? 
the deformation can lead to an increase in current for two reasons; a) removal of the drop from the screening 
surface of the capillary — the screening effect is reduced: b) because of the high linear rate of flow of mercury 
through the neck, convection currents may be set up in the electrolyte round the neck, in spite of the presence 
.of surface active agents. At present, it is hardly possible to give a quantitative expression to this additional in- 


crease of current. It is therefore obviously more satisfactory to work with drops of weight less than 3-4 mg for 
which equation (1) remains valid. 


Il. Verification of Equation for Limiting Diffusion Current 


The equation derived for the limiting diffusion current (} contains two unknown quantities; the diffusion 
coefficient, D, and an empirical constant, A. These quantities can be determined by investigating the relation 
between the diffusion current and the rate of flow of mercury, mg, the drop time, ty, and the height of the mer- 


cury column, h, using the m e¢thod of successive approximations, For this purpose, equation (I) was used in the 
form 


y= 1+B= 8+ (1) 


where D* is an approximate value of the diffusion coefficient, DY2= p'¥2(1+4 6), and 6 is the corresponding 
correction; K = B= 1.45 (mgt) + + 1.4 Asme~ DY2, 


*For a drop of weight 16 mg the increase in surface only amounts to about 0.3% [5]. 
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Since the value of ig/ KD*Y2 is of the order of unity (1:4 0.2), provided that § is small in comparison 
with unity, we may write, instead of (1'), 


y = 5 + 


In this equation, y is the experimentally determined value, if some provisional value is taken for A, for 
example A = 2,0 [7], in determining the third term, B. Investigation of the relation between y and x» then 
makes it possible to determine A and 6 and, hence, D. 


With this in view, an apparatus was constructed, with which, by adjusting the drop time, it was possible 
to measure accurately the relation between limiting current and mg, ty and h, The device for varying and 
measuring the drop time consisted of a shortened pendu- 
lum with increased moment of inertia, controlled by a 
of quartz prism. A mirror was fastened to the bottom of 

the pendulum, and this reflected a beam of light on to 
the photocell when the pendulum was in its lowest posi- 
tion. The periodic electrical pulses obtained in this 
way were fed to a thyratron relay, which energized an 
electromagnetic vibrator. This vibration was connected 
to the capillary in such a way as to ensure the absence 
of vibration after the mercury drop had broken away. 


The current was measured by a galvanometer, 
shunted by a 3000 yf condenser, which reduced oscilla- 
tions to about 41% of the nominal value of the current. 
The condensers used were free from leakage and polar- 
ization. A correction for the residual current was ap- 
plied in all cases. The investigation was carried out 
with approximately 1.5 x 107° M PbCl, in 0.1 N KCl 
25 50 containing 0.01% of gelatin at 25°, in a hydrogen 

zo? ——+ atmosphere, with a potential of 0.7 v across the cell, 


Fig. 1. Figure 1 shows the experimental results for the 
relation between y and Xp. The following values were 
used for calculating y and xg: 9 = 430 dynes/cm, D* = 8.69 cm*/second, A = 2.1. These values of D* and 
A were obtained as the result of preliminary calculation, The final values A = 2.17 4 0.08, D= (8.69 4 0.05) - 


TABLE 1 


Capillary No. 1, Diameter of Orifice 110, h = 30.4 cm, mp = 3.02 x 1073 g /second, 
Co = 1.428 x 10°§ mole PbCl, per ml 


Ty meas. |Ty calc. 
fla pa 


ty,sec. | 4d MEAS.) calc. 


wa Ai li, % 


Aili, % 


14,60 13,93 10,58 
14,18 13,62 10,07 
13,33 12,88 9,59 
12,78 12,40 9,32 
12,42 12,09 9,07 
11,97 11,84 8,73 
11,35 11,19 ‘ 7,88 


- 1078 cm?/second were obtained by the method ofleast squares, The graph shown refers to a drop weight of 
4 mg. Positive deviations of the measured current from that calculated from equation (1) were always obtained 
with large drops. 


J 
|| 
4,84 10,59 | +0,0 | 3,7 
10'14 | | 3/0 
3,25 9°66 | —0.7 | 2:4 
2,69 9,38 0,6 | 2,1 
2'38 | | 
2°10 8:74 | | 1°5 
1,64 7,89 —0,1 1,0 
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With 16 mg drops this deviation was about + 5%, which considerably exceeded the limits of the normal 
deviation (of the order 41%. Table 1 shows the results of such a set of measurements, 


The value obtained for the diffusion coefficient is in excellent agreement with the diffusion coefficient 
of the lead ion measured by other methods for the same conditions; D = 8.69 x 1078 cm?/ second (Stackelberg 
et al, by the Cottrell method (7) and D = 8.64 x 10°® cm?/second (Yukhtanova [8]) by the rotating disc elec- 
trode method, 
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THE EFFECT OF CRYSTALLOGRAPHIC ORIENTATION ON THE REACTION 
OF ISOTOPIC EXCHANGE AT A METALLIC SURFACE 


B. N. Bushmanov and G. S. Vozdvizhenskii 
Kazan Aviation Institute, 


(Presented by Academician A, N, Frumkin, September 13, 1958) 


It was shown previously [1, 2] that the faces of a zinc monocrystal behave differently when in a solution 
of zinc sulfate containing the radioactive isotope Zn®. The faces of the prism acquire a greater activity than 
does the base. From a large number of measurements, it was found that the mean value of the ratio of the 
acquired activities J] ee ‘ was 108 + 1% A difference was also observed [2] in the kinetics of the ex= 
change process atom = ion on "fresh" (just polished) and “aged® (allowed to stand in air for 500 hours after 
electropolishing) samples of monocrystals of zinc. Exchange took place considerably more slowly with "aged" 
samples, and the effect of crystalline orientation was less marked (prism/ Ibase = 105%). This difference in the 
behavior of "fresh* and "aged" samples is obviously explained by the presence of an oxide film on the surface 
of the crystalline faces investigated, and quality of the film (thickness, continuity and crystallographic orienta- 
tion) depending on the time of exposure to atmospheric oxygen before the exchange experiments and on the 
crystallographic orientation of the surface investigated. Further experimental work has been done on this subject, 
and the results are given in this paper. 


EXPERIMENTAL 


The results obtained previously with samples of area 1 cm* were confirmed for samples for which the 
area of the face investigated was 6 cm*. Samples of dimensions 40 x 15 x 5 mm were sawed from large zinc 
monocrystals, grown by the method developed by one of us [3]. In order to eliminate the effects on the proper- 
ties of a monocrystal of its conditions of growth (peculiar to each large monocrystal) [4], 7 to 8 samples for 
each of the three fundamental crystalline faces (0001) ,(1010) and (1210) were prepared from a single large 
monocrystal, X-ray investigation showed that the deviation of the working surface of each sample from the 
given crystalline orientation did not exceed 3-6", 


The preparation of the samples for test and the exchange process were carried out as described in [1, 2} 


The results confirmed the previously obtained effect of anisotropy in exchange between the faces of the 
base (0001) and of the prism 1 position (1010), No difference was observed (within the limits of experimental 
error) in the intensities of exchange for the (1010) and (1210) faces. 


Measurements were made of the activities of samples treated at different exchange temperatures (under 
strictly uniform conditions). The results of these measurements are shown in Fig. 1. It is evident that, with 
rising temperature from 0 to 69, the activities of the treated samples increased by a factor of 3-4. The 

tt 
activation energy of the exchange process Zn Zn __ was calculated from these results, The mean activation 
energy, for the range of temperature 0 to 69°, was 3700 cal / mole for the base face and 3400 cal/ mole for the 
prism faces, 


We also investigated the reverse exchange process, when a radioactive metal sample was immersed in an 
inactive solution of zinc sulfate. The radioactivity was applied to the metal sample by direct exchange, i.e., 
by immersion of the sample in radioactive zinc sulfate solution, The reverse exchange process was very rapid 
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at the start. From a series of measurements, it was found that 30-40% of the radioactive zinc was transferred 
from the sample surface to a 1 M solution of zinc sulfate in 1 second. The process slowed up subsequently, 

and it was found that the curve for reverse exchange as a function of time approximated asymptotically to a 
horizontal straight line (Fig. 2). About 7 and 5-6% 
respectively of the original activity remained on 

the samples after 24 and 100 hours exposure to re- 
verse exchange in 1 M solution. No differences were 
1000 observed for reverse exchange (as also for direct ex- 
change) between the (1010) and (1210) prism faces. 


counts/ minute 


r 


Reverse exchange took place more rapidly with 
7 more concentrated zinc sulfate solutions. 


DISCUSSION OF RESULTS 


The difference in exchange intensity between 
the faces of the base and of the prism are connected 
with their structural peculiarities. The base is a 
crystalline face, showing a denser packing and hav- 
ing a more positive electrode potential, and, for this 
Bh reason, exchange occurs on it less intensively. The 
6 °C prism face has a less dense packing and a more nega- 
tive potential, and exchange occurs on it more in- 
tensively. 


1 


Fig. 1. Variation of activity of treated samples with 
exchange temperature (duration of exchange 1 minute, 
specific activity of solution 0.11 mC /ml; 8 individ- A number of authors [5] have assumed that 
ual samples were used in each series). 1) Base, 2) transfer of radioactivity to a metallic sample by im- 
prism, 3) polycrystalline, mersion of the sample in a solution containing the 

appropriate radioactive ion, may be caused by the 
exchange atom =*ion and also by adsorption of radioactive ions by the metallic surface. But the nature of 
the variation of exchange with temperature enables us to conclude that the dominating process, involved in the 
transfer of radioactivity to the sample, is the exchange atom = ion, and not an adsorption process. 


The persistentresidual activity, in reverse exchange, is clearly due to the diffusion of some radioactive 
zinc ion-atoms into the depth of the metal, where they cannot take part in exchange with the ions present in 
the solution. This process is aided by the screening action of the oxide film, whose thickness increases with 
increasing residence time of the metallic sample in the electrolyte solution. 


counts/ min 
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Fig. 2. Reverse exchange in a 0.03 M solution of zinc 
sulfate. 1) Base, 2) prism, 3) polycrystalline, 


The effect of crystallographic orientation on the course of the reverse exchange process is also apparent 
(Fig. 2 and 3), but is less marked than for direct exchange. In our view, the cause of this is the formation of 
an oxide film on the surface of the metal, the structure and thickness of the film depending on the crystallo- 
graphic orientation of the substrate. 


An oxide film is already formed during the electropolishing of zinc samples [6]. During immersion of 
the sample in a radioactive solution of zinc sulfate (so that a radioactive deposit is formed on the surface of 
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the metal), and during subsequent washing, the thickness of the film increases. The rate of oxidation is differ- 
ent for faces of different crystallographic index [7-10]. Fora zinc monocrystal, the base face is the most re- 
sistant to oxidation. It is therefore evident that the prism faces will acquire a thicker film, and that all the 

prism faces will thus be made passive to a greater extent than the base face. This increased passification weakens 
the effect of anisotropy observed in direct exchange. 


The observed effect of the difference in the rates of the exchange atom = ion on the faces of a zinc 
monocrystal may be explained as due either to a difference in the physicochemical properties of the differ- 
ent faces, determined by their structures, or to possible differences in the true surfaces of the faces with identi- 
cal electrochemical behavior. ‘We believe that the first suggestion is more plausible. 
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Fig. 3. Reverse exchange in solutions of zinc sulfate of different concentrations, 
A) On base face, B) on prism face. 


We have not made any special investigation of the values of the true surfaces of our samples, but a num-= 
ber of investigators (9, 11-15) have shown that electrolytic polishing is a sufficiently reliable method of pre- 
paring monocrystalline samples for investigation, associated with a constant value of the true surface. 


It might be supposed that the different behavior of the different faces of a zinc monocrystal in a solution 
labelled with the radioactive isotope could be explained by secondary causes, as, for instance, a difference in 
the distribution of impurities and lattice defects on the different faces, variations in the thickness and continu- 
ity of the oxide film, difference in the adsorptive powers of the faces, etc. But this would not diminish the role 
of crystallographic orientation in the processes investigated, since all these secondary causes are functions of 
the crystallographic orientation, and vary on the different faces in accordance with the different crystalline 
structures of the latter. 
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VOLTAGE=CURRENT CHARACTERISTICS OF AN ELECTROLYTE = N-TYPE 
SEMICONDUCTOR CONTACT 


Yu. A. Vdovin, Corresponding Member Acad. Sci. USSR. L. V. Levich, 
and V. A. Myamlin 


Moscow Physical Engineering Institute 


Introduction, Up to the present time, the boundary separating an electrolyte from a semiconductor has 
not been studied well enough, neither experimentally nor theoretically. We decided to study this type of con- 
tact for the simple reason that in this case we had some essentially common properties as well as different ones 
from those exhibited by solid contacts between the metal and semiconductor, or semiconductor and semicon- 
ductor. Actually, the rectifying action of a semiconductor = metal contact is connected with the formation of 
a near-contact layer which is defective in charge carriers. As the direction of the current is alternated, this 
layer acquires an excess or deficiency of carriers and its resistance decreases or increases accordingly. All 
this takes place at the investigated contact, therefore, it is here that one would naturally expect to observe 
the rectifying effect. Besides, since in this case one can have a wide variety of electrode reactions and of 
electrolytes it opens new vistas in the choice of systems with various properties that one might need. Let us 


alsonote that the actual contact surface in this case far exceeds the corresponding surface at a contact be- 
tween two solids. 


In this paper we have analyzed the contact between an N-type semiconductor and an electrolyte. We 
have assumed (in contrast toe paper [1]) that when the current flows an oxidation-reduction reaction of type 


AY +e" =A, (1) 


takes place, 


For the sake of simplicity, we have assumed that the ionic concentration at the reaction surface is large 
enough to exclude the transport of ions from the bulk of solution as a possible limiting step in Reaction (1). 


The potential drop in the electrolyte was neglected, which is justified if the solution contains some inert elec- 
trolyte at high enough concentration. 


Fundamental equations, Let us write out the equations connecting current, charge density, and the elec- 
tric field in a semiconductor. For the current, we have 


j = eu(En +“ (e> 0), (2) 


where u = mobility of electrons, n = concentration of electrons. The second equation we will chose in the 
form, 


4ne 
divE = (3) 


where Ng = concentration of electrons in a region sufficiently far removed from the contact. Such a choice of 
current density corresponds to weakly ionized donor levels [2]. 


The system of Equations (2) and (3) may be conveniently transformed into a dimensionless form, 


d. 
—h=0, (4). 


The symbols introduced here are; A = = j/kTung K; t= Kx; K= kTe ; Z=n/Ng; 
=eg /kT; y=dy/dt. 


We will assume that the contact is spread over a very thin plane x = 0. In the region x > 0, we have the 
semiconductor, while at x < 0 the electrolyte. 


In the case of the metal-electrolyte contact, according to the theory of delayed discharge [3], the cur- 
rent density at the phase boundary satisfies equation 


j= aAy __ (5) 


which may be regarded as a boundary condition for the transfer equation. Here Cjop is the concentration of re- 
acting ions right next to the electrode surface; Ay is the drop of the dimensionless potential in the Helmholtz 
region of a double layer; a, B, ky, ky are constants, and a < 1,8 <1, a+ B=1, 


Unlike a metal, a semiconductor can undergo considerable changes in its electron concentration, There- 
fore, the following relation would be a natural simplification of the delayed discharge formula: 


j = RincCione — (6) 


where ne = concentration of electrons at the contact, 


Let us represent the potential drop in a Helmholtz double layer in the form Ay = ay’? +A", where 
Av*= potential drop when the system is at equilibrium (j = 0). In addition to this, we can write the boundary 
conditions for Equation (6) in this convenient form 


c 


In accordance with what was said above, the ionic concentration Cjgn we assume to be constant. In this case 
jg is the exchange current jp = kyn? cj = Ze and are the dimensionless electron con- 
centrations at the contact at a finite and zero current respectively. 


The solvent Equation (4) it is convenient (see [4]) to introduce a subsidiary function q =< — 


which it is easy to get the equation 


d a 
(8) 


Let us at first analyze Equation (8) for small currents (A « 1). The last condition is not a rigid limita- 
tion, since j, changes from approximately 0,1 to 10° a /cm?, depending on the value of mobility u and of con- 
centration Ng» Expanding q into a series for small A, we get 


By comparing the terms in Series (9) we can see that the expansion is rea]ly justified if X «Jz. With 
the help of Equation (9) is easy to find the connection between an electric field y and a concentration z, 


y= q (2). (10) 


We can write the overall] potential drop in a Helmholtz double layer and in a semiconductor (after sub- 
tracting the ohmic drop) in the form 
p == Ad -+- \ (Y — Yoo) dt. (11) 
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By using Equations (9) and (10) and by limiting ourselves only to terms linear in A, we can readily cal- 
culate 


b= — V2). (12) 


If we take advantage of the fact that the inductions at a Helmholtz layer ~ semiconductor boundary are 
equal and assume that the potential function in the Helmholtz layer is linear, we can express Ay in terms of 
a field y, taken on the semiconductor surface. The we will get 


Ad = (13) 
where tg = kde / €y, d and €y are the width and the dielectric constant of the Helmholtz layer respectively. 


Using Equations (7), (9), (10), (12), and (13) it is possible to get the voltage-current characteristic yp = 
= ¥(j). However, since it is difficult to solve Equation (7) for Ay", we will isolate a region of small currents 
j << jp «< j,. In this case we can consider the deviations Of all the numbers from their equilibrium values to 


be small, and therefore a series expansion is permissible for small j /jg. The voltage-current characteric then 
looks as follows: 


= be — / io + 3/2 (i / jo)?- (14) 


In deriving Equation (14) we assume that jg << j /ty and ty «< In Equation (14) ¥ = the equilibrium 
potential difference at the contact. Besides, it was assumed that at equilibrium the region near the contact is 
already defective in electrons, i.e., that 2. <1 


Let us now analyze the flow of barrier currents, i.e., let us study the case where j < 0, = j < jg. This 
current flow can indeed be called a barrier since the electrons by moving away from the contact make the layer 


next to the electrode deficient in carriers. The deficient layer becomes wider. In this case we can assume 
that 


Zc 
—— e—aAy’ Ay’ 


And consequently, the voltage-current characteristic assumes the form 


The condition that ~ \ « JZ leads to the requirement that — X « Bty. Since Bty ~ 107%, the last inequality 
may actually limit the range within which Formula (16) would be applicable. 


We can see that in this case the change of potential vs. current is essentially determined by Tafel's law, 
since the first andthe third members of the series are constants while the fourth constitutes a small correction 
to Tafel's law. 


Since the magnitude of the current in Formula (16) is limited by the relationship =X « Bt, it is quite 
interesting to determine the law obeyed by a potential drop at large currents. In this case, to find q, we will 
have to look for a solution in the form of the following series, 


q= 8+ (17) 


(we have chosen this form of a solution due to the fact that with a barrier current the deficiency region ex- 
pands and consequently the derivative dz/dt in the initial Equation (4) becomes small). Substituting Equation 
(17) into (8) and limiting ourselves to terms ~1/r?, we get 


(@—1) (1-3). (18) 
55 


It can easily be shown that the expansion is justified when ~A « 4 Z With the help of Equation (18) it is 
easy to get the voltage-current characteristic 


+. ia (19) 


p= Ago —— 


fit j 0 
0 0 V 


In deriving this formula we assumed that Btg « —A 1 and ( Bt) ?8 ip, and besides this, all 
the members of the order of one or less were left out of Formula (19). It is obvious from Formula (19) that 

in this case the potential drop substantially exceeds the potential drop as given by Tafel's law. Actually, the 
second term is considerably larger than the fourth, This is connected with the fact that a region deficient in 
current carriers is formed at the contact and the principal potential drop occurs in this region. 


Let us now go over the conducting current flow, j > 0. By using Equation (7), (9), (10), (12), and (13), 
we can find the relationship 


(20) 


which is valid if the inequalities jg /z°. < j << jig/2%, (atg*; j < jx (2e < 1) are satisfied. 


All the terms that were smal] as compared to one were Jeft out of Formula (20). One can readily see 
that in this case the potential] drop has the form of Tafel's law. 


To get the asymmetry characteristic of the voltage~current curve it is interesting to compare the potential 
drop for a current 4 j. It should be noted that in accordance with the determination of y~ (see Formula (11) ) 
this number does not contain any ohmic voltage drop which has the value A «Kl, where J is the length of the 
semiconductor in centimeters. It is easy to verify that at sufficiently small Z (1 ~ 10°? cm) the ohmic potential 
drop can be neglected in the case of a barrier current. In the case of a conducting current the ohmic voltage 
drop plays the principal role at \ ~ 1. 


Let us estimate the ratio between the total potential drop at a barrier current AV (=j) and AV(+j). This 
can be readily accomplished with the help of Equation (19) 


AV (— i) In (| il ! jo) In (| i|/ jo)-ekT 
AV(+j)  Bloxt B Id 


(21) 


We can see now that the rectification depends not only on the electrochemical reaction occurring on the semi- 
conductor (coefficients 6 and jg), but also onthe properties of the semiconductor itself (coefficient ng). At 

= 107% cm, = 10° tg = 10°, In(|j| /j,)=10 and = 1/2 this ratio is equal to AV(=j)/AV (+i) = 20. 
Thus, under the indicated conditions the system possesses distinct rectifying properties, 


The results of this work are also valid in the case where for different current directions different reactions 
predominate; for example, when j > 0 reaction of type At + e~- A takes place, while at j < 0 the B7+B+ e~ 
reaction. In this case it is necessary to substitute some constants characterizing the corresponding reactions into 
the final formulas, Let us note that for a porous semiconductor the obtained results can be generalized right 
away. 
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APPLICATION OF THE EMANATION METHOD TO THE INVESTIGATION 
OF CATALYSTS 


STUDY OF THE EMANATING POWER DURING THE PREPARATION OF OXIDATION CATALYSTS 
G. M. Zhabrova, M. D. Sinitsyna, and Corresponding Member 


Acad. Sci. USSR S. Z. Roginskii 
Institute of Physical Chemistry, Academy of Sciences,USSR 


An uninterrupted measurement of the emanating power during the topochemical stages in the preparation 
of a catalyst provides a proper background for the control of structural changes in the formation of catalysts, 


Earlier [1], we have carried out an investigation of the decomposition of magnesium and zinc carbonates 
and hydroxides by using radium as the indicator element. Magnesium compounds (carbonate and hydroxide) 
turned out to be interesting objects of inbestigation; when thermally decomposed they yield magnesium oxide 
which is a known catalyst for dehydrogenation [2] and certain other processes [3]. 


For the indicated compounds, we established a linear dependence between the emanation coefficient 
and the specific surface at constant distribution depth. However, in working with radium one had to interrupt 
the topochemical process to take out test samples and to gather the radon. This defect does not appear in the 
emanation method which is based on the determination of thoron resulting from the gradual radiochemical con- 
version of radiothorium. Therefore, it was interesting to study in detail one of the previously investigated sys- 
tems, this time by the use of radiothorium, Magnesium hydroxide was precipitated from an alkaline solution 
of magnesium nitrate and was thoroughly washed with distilled water. A nitric acid solution of radiothorium 
containing 0.36 g ThO,/ml was used as the emanation source. Radiothorium was introduced into the sample by 
the use of a method described by Jagitsch [4] — a magnesium hydroxide suspension was saturated with the in- 
dicated solution then evaporated over a water bath until the residue acquired a consistency convenient for the 
making of tablets. Hydroxide tablets were dried at 100° and left for 25-30 days to achieve a radiochemical 
equilibrium. 


As is well known [5], tetravalent thorium ion precipitates from its nitrate chloride, and other solutions as 
the hydroxide at pH 3,51-3.60, Since the pH of dissolved magnesium hydroxide was 10, then it is obvious that 
in this case we had a complete precipitation of radiothorium. Radiothorium was bound very tightly to the 
magnesium hydroxide precipitate and could not be removed by washing with water. 


A comparison between the emanating powers of magnesium hydroxide samples with different amounts of 
radiothorium introduced by impregnation indicates (see Table 1) that the amount of thoron isolated increases 
linearly with increase in the radiothorium contents, i.e., the emanation coefficient remains practically con- 
stant while the quantity of radiothorium trapped varies considerably. The data obtained agree with the assump- 
tion that the radiothorium atoms are homogeneously distributed, evidently in the form of microheterogeneous 
true solid solutions, Let us note that when magnesium hydroxide is dehydrated the formation of solid thorium 
dioxide and magnesium oxide solutions is so much more probable since the crystal structures of both oxides are 
similar, 


By using radiothorium as the indicator element, we were able to study flow emanation [6, 7] in the process 
of preparation of a magnesium oxide catalyst. A sample of magnesium hydroxide with the incorporated radio- 


| 


thorium was placed into a quartz vessel which was then introduced into a thermally regulated electric 
furnace. At a fixed temperature, we passed through the sample a stream of dry air at a rate which ensured 
the maximum activity of the thoron for a given length of path to the electrometer (mark SG-1M). Water vapor 
formed during dehydration was frozen out in a trap submerged in a ~78 cooling bath, and the stream of air 
containing thoron was passed through calcium chloride drying tubes. The electrometer was calibrated before 
the experiment with a thoron standard under similar conditions, The emanating power of thoron (measured at 
TABLE 1 the experimental temperature) was expressed by the 
number of divisions through which the quartz thread 
Dependence of the Emanating Power and the Emana- in our instrument passed in a minute for each gram 
tion Coefficient of Magnesium Hydroxide on the of magnesium hydroxide used, The degree of de- 
Amount of Radiothorium Incorporated hydration was determined by weighing. The speci- 
fic surfaces of initial magnesium hydroxide, mag- 


Radiothorium ine |Emanating power | Emanation co- nesium hydroxide samples at various stages of con- 
a version, and of magnesium oxide samples prepared 
corp. perlgof jing perl gof | efficient in% 
OH) Mg(OH) y dehydration at various chosen temperatures were 
Mg(OH): 3 computed from the n-heptane adsorption isotherms 
by the BET method. 


3.4 +1074 0.52* 1074 
1.8- 1078 1.89 1074 
6.2° 1075 8.33 1074 
1.6 107? 2.1 + 1078 


Kinetic curves for the change in emanating 
power with time in the course of magnesium hydrox- 
ide dehydration were determined at 320, 350, 400, 

450, 550, 600, 700, 800, and 1080° (see Fig, 1). 
Simultaneously, at fixed time intervals, we determined 
the percent of hydroxide converted to the oxide. 


As may be seen from Fig, 1, at 320 and 350° the emanating power smoothly increases with time. At the 
‘end of dehydration the evolution of thoron slows down considerably, and is accompanied (after 90% conversion) 
by a slight decrease in the emanation coefficient. The smooth nature of the radioactivity vs. time function is 
disturbed at a dehydration temperature of 400° — a diffused maximum appears at about 75% conversion. At 


/, div/min 
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Fig. 1, Change in the emanating power of thoron (expressed in 
electrometer divisions per minute) during the dehydration of mag- 
nesium hydroxide at various temperatures. 


450° a clearly outlined maximum is formed and corresponds to 70-80% conversion. As the dehydration temp- 
erature is further raised the radioactivity maximum becomes sharper and sharper, shifting toward shorter times 
(of the process). At temperatures above 500° the maximum can only be conjectured since it falls within the 
time interval] during which the sample warms up to the reaction temperature. In all the cases the maximum 
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corresponded to a high percent conversion of hydroxide to oxide, and neither a maximum nor a minimum in 
radioactivity were observed at the beginning of the process. 


The characteristic form of the kinetic curves for the change of emanating power vs. time at any ex- 
perimental temperature evidently depended on the interaction between dehydration, which increased the 
specific surface, and the thermal fusion, which decreased it. The processes are characterized by different 
temperatures and time dependence, which determine the form and nature of the kinetic curves for the changes 
in emanating power shown in Fig. 1. 


Simultaneously, with the measurements of the emanating power of magnesium hydroxide during dehydra- 
tion, we carried out some measurements of its specific surface at various stages of conversion. We set up for 
this special experiments which involved interrupting the dehydration, measuring the emanation coefficient 
at room temperature, and determining the magnitude of the specific surface of the investigated samples. Just 
as in a preceeding investigation [1] (where the emanation coefficient was determined with radon), if the con- 
version depth was constant, we observed a linear dependence between the emanation coefficient based on thoron 
and the specific surface. 


It was interesting to follow up the effect of dehydration temperature on the relationship between the 


emanation coefficient and the specific surface at practically complete conversion of magnesium hydroxide to 
oxide. 


Figure 2 shows the curves for the change in the emanation coefficient and specific surface with respect 
to dehydration temperature of magnesium hydroxide at a constant conversion of 94-96%, As one may see from 


the figure, the emanating power of magnesium oxide samples (measured at room temperature) and the specific 
Nn 


a 


0 20 

Fig. 2. Changes in the emanation coef- Fig. 3. Emanation coefficient of thoron 
ficients of thoron measured at room temp= measured at room temperature as a func~- 
erature (1) and at the experimental temp= tion of the specific surface of magnesium 
erature (2); and the specific surface (3) as oxide samples obtained through dehydration 
a function of the magnesium hydroxide de~- at various temperatures, The asterisk refers 
hydration temperature. to magnesium hydroxide. 


surface both increase with increase in temperature, pass through a maximum at a dehydration temperature of 
450°, then decrease. This mutual change in two structural characteristics of a solid results in a linear depend- 
ence between them, which is apparent in Fig, 3. Let us note, that the emanation coefficient and the specific 
surface values obtained with magnesium hydroxide samples at various dehydration depths as well as those ob- 
tained with magnesium oxide samples prepared at various magnesium hydroxide dehydration temperatures fall 
on the same straight line, 


A more complex relationship is observed when the emanation coefficient is measured at the temperature 
of the topochemical process. In the 320-600° temperature range this coefficient changes side by side with the 
specific surface and the emanating power measured at room temperature, while the numerical values of both 
coefficients are almost the same. Deviations from this dependence show up at 700°, and if the temperature is 
further raised, sharp increase in the high-temperature emanation coefficient takes place accompanied by a de- 
crease in the specific surface and low-temperature emanation coefficient. 
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It is interesting to analyze the possible causes of the difference observed in the dependence of emanation 
coefficients on the specific surface and on dehydration temperature, 


The linear dependence between the emanation coefficient measured at room temperature and the specific 
surface can obviously be explained by the fact that the thoron produced is only eliminated from the surface 
layers of the investigated magnesium hydroxide and oxide samples, whereupon the nature of the distribution of 
the radiothorium indicator atoms is more or less the same in different samples, A similar type of thoron elimi- 
nation takes place in the 320-600 temperature range. At higher temperatures (700 and up) the elimination 
mechanism changes. Evidently, as a result of increased atomic mobility in the crystal] lattice, not only the 
surface but the whole volume begins to take part in the elimination of thoron. With a further rise in tempera- 
ture the atomic mobility in the lattice and the structural brealeup increase even more, which results in a sharp- 
ly increased emanating power. Thus, at 1080° the emanation coefficient attains 81%, i.e., almost all the thoron 
formed in the sample is being eliminated. It is interesting that the temperature at which the nature of thoron 
evolution begins to change, which phenomenon is connected with the emergence of atomic mobility in the 
magnesium oxide crystal lattice, is far below the Tamm temperature at which sintering begins, 
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THE EMULSIFYING ACTION OF HIGHLY DISPERSED SOLIDS 


A. F. Koretskii and A. B. Taubman 


Institute of Physical Chemistry, Academy of Sciences USSR 


(Presented by Academician P. A. Rebinder, August 27, 1958) 


Among the solid emulsifiers used in the preparation of commercial emulsions,bentonite occupies a special 
place; when peptized its hydrophilic particles produce a highly dispersed suspension with a tendency to struc- 
ture formation. 


However, even with the help of bentonite, in the absence of adsorbing layers of alkali metal soaps of a 
special composition, stable emulsions of pure hydrocarbon oils (as we have already shown in [1]) can only be 
obtained if the system contains a considerable amount of a solid phase (not less than 4%) which ensures the 
formation of a three dimensional] hydrophilic coagulating structure. In the presence of the above mentioned 
adsorption layers, which possess pronounced structural and mechanical properties, the concentration of a solid 
emulsifier required for a lasting stabilization sharply decreases, until it corresponds to a monomolecular layer 
per drop [2] 


With other hydrophilic powders which are unable to form hydrophilic coagulants in water, stable emulsi- 
fication under similar conditions (i.e., in the absence of alkali soaps) can only be achieved if a large amount of 
solid phase is present; this corresponds to the formation of a protective multilayer coating of loosely packed 
solid particles — a structural network on the surface of each drop. Evidently, in this case the hydrophobic co- 
agulating structure can already exhibit such a network; the structure is formed by hydrophilic emulsifier parti- 
cles whose surface is rendered hydrophobic by the proper orientation of the adsorption layers. 


Concentrated 50% emulsions of nonpolar vaseline oil (purified \ith silica gel) and of oils made hydro- 
phobic by the addition of surface active agents (fatty acids, alcohols, and amines) were prepared just as in [1] 
by vigorous mechanical] stirring in the presence of solid emulsifiers; as emulsifiers, we used pure reagent grade 
samples of calcium carbonate, titanium dioxide, and silicon dioxide. A 75-80% degree of powder dispersion 
corresponded to a less than 3 particle size. 


The choice of emulsifiers was determined by the fact that in the series CaCOg~TiO,~SiOg, as the basic~- 
ity of these minerals decreased and acidity increased, their tendency towards a chemisorption interaction with 
admixtures of surface active agents in the oil phase changes radically. This interaction was taking place in 
the process of emulsification, when the oil drops came into cotact with the emulsifier particles, 


The stability of emulsions was estimated from the time required for a partial destruction and the separa- 
tion of half the emulsified oil into a separate phase. Emulsions which were not destroyed within two days 
were considered stable (marked with an oo sign by Figs. 1 and 2). 


As may be seen from the curves of stability ( T) vs, emulsifier concentration (C,) in Fig. 1, highly dis- 
pérsed particles which differ in their molecular nature form stable emulsions at very different solid phase con- 
centrations. These differences are connected not only with the intrinsic inhomogeneity (mosaic structure) of 
particle surface (so that separate portions of the particle can be selectively wetted by both emulsion phases), 
but also with the possibility of forming a hydrophobic coagulating structure in the emulsion system. 


Insignificant, frequently analytically undetectable acidic impurities seem to be always present, even in 
purified hydrocarbon oils, and in sufficient amounts to form on the surface of CaCOs particles a reactive 
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(toward the Ca portion of the compound) chemisorbed hydrophobic shell - an adsorbed layer of a Ca-soap, 
essential for the subsequent structure formation. Under these conditions at a relatively high C, (not less than 
2.5%) a stable emulsion of the oil water type is formed (Curve 1). Since titanium dioxide interacts much less 
with oleic acid, * at least 15% of it are needed to 
give the emulsion a lasting stabilization (Curve 2). 
At the same time the shape of the curves shows that, 
15 % 


if Cs is even insignificantly decreased below the in- 
dicated values, a sharp decrease in stability results 
, (for example, for CaCOg at C, = 2.5%'T > 48 hours, 
but atG = 2.0% Tt is only 2 hours). Finally, sili- 
con dioxide, which is inert toward acidic compounds, 
regardless of its contents in the system does not 
form any emulsions at all (Curve 3). 


The dependence of the emulsifying action on 
the contents of additives specially introduced into 
the oil phase to render it hydrophobic is shown in 
Fig. 2 and graphically confirms what was already 
said before. (These emulsions were prepared with 
only 2% emulsifier suspension, and, as was shown in 
Fig. 1, no emulsification would have occurred if the 

" additives were absent. As one would expect, SiO, 
ar a would not act as an emulsifier at any oleic acid con- 
05 2c, i centration (Curve 1), but with TiO, emulsification 
sharply increased with the acid ntrati is- 
Fig. 1. Stability of a vaseline oil emulsion as a func- 
playing maximum action at Cmax 107° = 10 °%, 
tion of the solid emulsifier concentration. 1) CaCO; : 
2) TiO,; 3) SiO after which, excessively hydrophobic surface reduced 
a ° the stability of emulsions and converted it back into an 
oil phase as the particles migrated insolution(Curve 2), 


Thus, as a result of a stabilized structure formed by the emulsifier particles under optimum hydrophobic 
conditions, the solid phase contents required for stable emulsification can be decreased appreciably; mean- 


while there will be a transition from a loose multilayer coating on the surface of each drop to a thin protective 
layer which already possesses some structure. 


Emulsifier particles, when rendered hydrophobic, show a similar effect on calcium carbonate (Curve 3) but 
due to its high reactivity of maximum action of oleic acid is observed at considerably lower acid concentrations 
(Cyyax 10789). When the oleic acid is replaced with pelargonic (Curve 4), due to a weaker hydrophobic 
action and a consequent lowering in the stability of the structure formed, the maximum emulsification is actual- 
ly displaced toward higher concentrations of the added acid (Cyjax © 107*%). The fact that it is possible to 
activate inert silicon dioxide with basic additives is in full accord with the above described results. As may be 
seen in Fig. 2, 5, the oil which contains octadecylamine in place of oleic acid forms a stable emulsion in the 
presence of SiO, due to the fact that in this case a hydrophobic chemisorbed layer is formed on its surface [4]. 


On the other hand, it should be pointed out that cetyl alcohol, which formed only reversible loosely 


bound adsorbed layers on the solid surface,did not show any effect on the emulsifying action of the powders 
studied by us. 


Everything so farindicates that any strong stabilization, necessary to obtain stable long lasting emulsions of 
the type oil/ water with the help of small quantities of solid hydrophilic emulsifiers, can only be produced by 
sharply increasing the natural mildly pronounced mosaic nature of their crystal lattice surface. This type of a 
secondary induced" mosaic nature is characterized by the widest possible variation in the molecular nature 
(with respect to selective wetting of the emulsion by both phases) of individual surface segments, and it may 


*In the technology of oil paints and varnishes the *chalking" phenomenon in titanium white is well known, it 


consists of a gradual loss of free pigment from the dried paint cover due to the poor quality of the soap formed 
by TiO, and the fatty acids in the oil [3]. 
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be produced by partially covering the surface with 
chemisorbed hydrophobic layers of surface active 
agents bound irreversibly to it by covalent bonds [5]. 


At the optimum balance in the distribution 
of hydro- and oleophilic radicals (in the presence 
of an oil) on the particle surface, stable emulsions 
are formed protectively covered by hydrophobic co- 
agulating structures [6], These structures arise in the 
emulsion system when strong bonds are formed not 
only between particles and drops but also between 
emulsified particles on the water side of the emul- 
sion. 


The possibility of forming such structures on 
es RI ‘ account of acidic impurities contained in many tech- 
0001 geo got 10 10% nical oils was disregarded by many authors, which 
also led them to interpret incorrectly the mechanism 
water of emulsification by solid emulsifiers; they assumed 
oil a simple adhesion between a single layer of particles 
ak and the drop-medium surface on account of wetting 
forces [7-10]. Besides, oddly enough, they did not 
consider the fact that the emulsifier concentrations 
used exceeded by far the amounts required to form 
a monomolecular film on the oil phase drops. For 
the sake of comparison we may point out that accord- 
ing to our data in order to form such a film, if for ex- 
ample CaCOs powder with the usual degree of dis- 
persion were used, we would need 2,5-3.0 % of solid 
relative to the oil, whereas concentrations of the order of 25-30% of solid phase were usually used in these 
works [9, 10). 


Fig. 2. Stability of emulsions as a function of the nature 
of the emulsifier and the contents of surface active sub= 
stanceswater repellents in the oil phase, 1) SiO,, 
SAA* = oleic acid; 2) TiO,, SAA — oleic acid; 3) 
CaCOs, SAA — oleic acid; 4)CaCOs, SAA-=pelargonic 
acid; 5) SiO,, SAA — octadecylamine. 
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THE THEORY OF THERMAL DETONATION OF CONDENSED EXPLOSIVES 


A. G. Merzhanov and F, I. Dubovitskii 
Institute of Chemical Physics, Academy of Sciences USSR 
(Presented by Academician N. N. Semenov, September 9, 1958) 


Elimination of gaseous products formed during the decomposition of explosives away from the reaction 
zone has a considerable effect not only on the formal kinetic laws governing the course of reaction under iso- 
thermal conditions, but also on the thermal equilibrium in nonisothermal decompositions. Due to this, the 
thermal] detonation of condensed explosives can not in the majority of cases be described by the present theory 


so suitably developed by N. N. Semenov [1], D. A. Frank-Kamenetskii [2], and D. M. Todes [3] for the gaseous 
systems. 


In the present work we will analyze a more general theory which takes into account the removal of a 
part of the reaction products from the reaction zone, and for explosives in the liquid state enables one to cal- 
culate all the fundamental characteristics of a thermal detonation: critical conditions, depth of predetona- 
tion decomposition, and the induction period. 


Let us introduce the following symbols; V = reaction volume; Vp = initial size of the reaction volume; 
m = mass of the material; mg = initial mass; d = diameter of the charge (in cm); 7 = initial charge length 
(in cm); T = average temperature of the material (in degrees); Tp» = temperature of surrounding medium (in 
degrees); t = time (in seconds); Q= heat of reaction (cal/ cm); E = activation energy (cal/ mole); kg = 
coefficient (1/sec); A = thermal conductivity (cal/ cm* sec+ deg); c = specific heat (cal/g+ deg); p= 
density (g /cm)); n = depth of conversion; 6 = dimensionless firing; t = dimensionless time. 


We will assume that the elimination of gaseous products from the reaction zone is in a state of quasi- 
equilibrium. This is justified at low rates of gas generation, where the outflow of gaseous products proceeds 
much faster than the reaction itself. For substances which remain practically undecomposed at the melting 
point there is always a temperature interval in which these conditions hold. 


Under theconditions of quasi-equilibrium the reaction volume can be considered to be a homogeneous 
fluid, undisturbed by the bubbles of the evolving gases, while the relative volume change in the decomposition 


process may be taken to be proportional to the depth of conversion a =n. In the majority of cases 
0 


the proportionality coefficient is constant for each substance. For gaseous systems # = 0. For most condensed 
explosives }! is almost one. 


The removal of any gaseous products from the reaction zone has to be considered not only in the expres- 
sions for the rate of heat evolution (due to the increased fraction of the initial substance in a unit volume), 
but also in the expressions for the rate of heat conduction (on account of decreased geometrical dimensions), 


The rate of heat evolution per unit volume is i - in a . Inthe limiting case where p = 1 (all the 


products are gases) the reaction zone contains only the starting material and the specific decomposition rate 
appears in the expression for the inflow of heat. 
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According to Frank-Kamenetskii the rate at which heat is flowing out by the process of conduction from 
a vertical cylinder® is 


4c [2,00 + 0,21 (+ 


un)? 


We will neglect the heat exchange at the upper face of the cylinder. 


Thus, in our case the system of equations describing a thermal detonation will look as follows: * * 


d0 (n) 1 1 


a = e% (7). (2) 


@n) is a function defining the law according to which a reaction under isothermal conditions proceeds. 


In calculating the gas evolution, we were obliged to introduce a new parameter pf into the system of 
equations. Besides this, parameters Kg and v, which appear in the gaseous reaction system in a combined 


1 1 1 
fom ( + , Now appear separately. 
K Koo v 


The removal of gaseous decomposition products from the reaction zone will have a_ substantial effect 
on the thermal detonation only in cases where the depth of the pre~explosion reaction is comparatively large. 
For reactions with normal kinetics the detonation occurs at low conversion depths, and the change in the reac~ 
tion volume has to be considered mainly in calculating the corrections for the burning out during the induction 
period. From the point of view of the present theory the most interesting reactions are the ones which become 
self-accelerating under isothermal conditions, 


Let us analyze a simpler and at the same time amore commonly encountered case — autocatalytic reac- 
tions of the Ist order. As was shown earlier [4], for the decomposition of liquid explosives autocatalyzed by 
the condensed end products 


=(% + 


where ng is a criterion of the autocatalytic behavior. The solution of a quasi-stationary [5] system of equations 
yields the following expressions; 


Critical conditions 


*A vertical cylinder is most convenient for the analysis since in this case the charge model is not deformed 

in the decomposition process, while the change in geometrical dimensions (cylinder height) can be readily 
computed mathematically. 

**The system is presented in a dimensionless form with the usual thermodynamic approximations and assump- 
tions. 
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. Initial conditions: r=0, @=0, n =0; 
= (T —To); v= 3,08 —-; t = kye—E/RT 
|_| 


depth of pre-explosion decomposition, 


ex 


2 (1 + 1%) 


induction period, 


[a + V a? — 4u*F (6) (1 — 9) e~® 
OF (0) V a? — 4u4F (0) @ (0) 


= 


(0) == 4 


is calculated from the expression = Ko 


An analysis of Equation (1)~(2) and Formulas (3) =(5) shows that for condensed explosives the magnitudes 
of k, Nexp, 4nd Ting on the explosion boundary depend on 
the parameter v which characterizes the conditions under 
which the experiment is carried out. Such a dependence 
arises as a consequence of increased effective heat transfer 
coefficient in the process of decomposition and is not needed 
in gaseous systems. , 


In the case where the decomposition in a closed vessel 
is autocatalyzed by the gaseousend products ¢(n) = (no + 
+17) (1-7). The critical condition looks as follows in the 
parametric form: 


2[1 +» (1 — 3402, — [1 — (4 + 
2u (1— 


2 [4 + — — [1 — (1 + BI 
(1— vy) — — — + 


The depth of pre-explosion decomposition and the induction 
period can be easily computed numerically. 


Some characteristics of a thermal detonation can be 
obtained within the framework of Frank- Kamenetskii's station- 
ary theory. Analyzing 6 and 6¢, as functions of the conver- 


Fig. 1. Dependence of the critical condition sion depth; 


Kcy, depth of pre-explosion decomposition un- 
der critical conditions n¢;, and induction 
period under critical conditions Tc, on the 
parameter v at no = 0.05, 1) Autocatalysis 

by the condensed decomposition end products; a\s 
2) by the gaseous products, 5 gr= 2,00 + 0,21 (+) 


E @# (a) 
—E/RT, 
RG 


(4) 
where 
x 
2 
0 
! = 
06 
g2 
| 
G2 
J 
a 0 5 0 15 20 
(1— 
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by using the condition that § = 5_,,, it is possible to find expressions for the explosion limit and depth of pre- 


explosion decomposition, It is possible to apply Frank~Kamenetskii's theory to complex processes only under 
the conditions where the whole process occurs much slower than the explosion itself. 


With heat transfer by convection (easily accomplished by vigorously stirring the substance) the thermal 
equilibrium equation looks as follows: 


a is a coefficient for the heat transfer from the inside surface of the vessel to the surrounding medium. 


Expression for the thermal detonation characteristics can be obtained from the solution for a quasi- 
stationary system. 


In Fig. 1 we have presented by results of some calculations, 
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THE RELATIONSHIP BETWEEN THE THERMAL DISSOCIATION RATE 
CONSTANTS OF DIATOMIC MOLECULES IN THE PRESENCE AND 
ABSENCE OF EQUILIBRIUM 


E., E. Nikitin and N. D. Sokolov 
Institute of Chemical Physics, Academy of Sciences USSR 


(Presented by Academician V. N. Kondrat'ev, July 7, 1958) 


Rice [1, 2] and Careri [3-5] have analyzed the thermal! dissociation of diatomic molecules. 
AB+M-—-A+B+M 


The latter, on the basis of simple collision theory’{6], started with the assumption that molecular dissociation 
could take place through a direct transition from the lower vibrational levels of the bound state to the dissociat- 
ed state. Theoretical calculations supported by direct experimental data (see for example [7]) indicate, how- 
ever, that in molecular collisions the energy that is transferred with any appreciable probability is small com- 
pared to the dissociation energy. 


In his calculations Rice [1, 2] began with the correct assumption that the transition of molecules into 
the continuous energy range takes place from the higher vibrational levels,but he did not take into account the 
disturbed Boltzman distribution in the molecular vibrational states, and it is this disturbance that is responsible 
for the nature of the thermal dissociation of diatomic molecules [15} 


When the Boltzman distribution in the vibrational] states of the dissociating molecule is disturbed ,the 
number of occupied vibrational levels near the dissociation boundary decreases. This is connected with the 
fact that the transition rate of strongly vibrationally excited molecules into states with a continuous energy 
spectrum is much faster than the rate at which the molecules pass into the dissociation boundary; gradually 
the Boltzman distribution becomes more and more upset due to the decreased number of vibrational quanta 
near the dissociation boundary. Meanwhile, the dissociation constant will be determined by the rate at which 
vibrationally excited moljecules are transferred to the upper vibrational levels, In connection with this,one 


would expect that the kinetics of the thermal dissociation and recombination would not obey the usual kinetic 
equation 


5 [AB] = — kg [AB] [M] + &, [A] [B] [M], 


where k q and k, are constants determined by these two equations respectively, 
ka = [AB]/{AB][M], = 


which describe the initial stages of the dissociation and recombination reaction. 


In so far as the dissociation constitutes a multistage process, the kinetics of dissociation and recombina- 
tion should be described by the following system of equations (for the sake of simplicity we will assume that 


(M] = 1) 
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d 
= PnkXn + >) (2) 
k k 


Here xp denotes a distribution function, i.e., the degree of occupancy of the n-th energy level of the AB sys- 


’ tem, while p;,, are the rotational and vibrational k -> n transition probabilitites in the molecule AB. The sum- 


mations in expression (2) include also the states in the continuous region of the spectrum, for which it should 

be understood that the summation over n involves integration over energy E where in this case xy = x(E) dE and 
Pkn = Py.p- Under the conditions where [AB] « [M] the interaction between the AB molecules may be neglect- 
ed, and consequently in that part of summation which corresponds to the rotational and vibrational] transitions 
and to the dissociation of AB molecules,the number py,p and P;.¢ do not dependonx, and x(E). At the same 
time, during the combination there is a rea] interaction just between the recombining atoms, leading to a linear 
relationship between the corresponding recombination probability Pg, and x(E), and also to a quadratic depend- 
ence between the recombination rates and atomic concentrations. 


Let us analyze a simpler case where, if [AB] « [Ml], then the [A] and [B]ly concentrations remain constant. 
In this case the system of Equations (2) becomes linear and can be rewritten in the form 


X = BX + (3) 


where the single column of the X matrix consists of components of the distribution function X,, while matrices 


§ and € describe the subsequent dissociation and recombination respectively. A general solution of Equation 
(3) has the form 


X = Sa L (u) exp (— pt) + Xo, (4) 
» 
where #f is the real values of the matrix 8 ( > 0); Tn) = matrix constructed from the components of real 
vectors in matrix B, which correspond to the real values of #; a(p) = arbitrary coefficients determined by the 
initial conditions, and Xp = a particular solution of the nonhomogeneous Equation (3). 


The first real value of the 8 matrix (M9) corresponds to the dissociation rate constant and in the absence 
of recombinations can be determined from the expression [8] 


Ho = [AB] / TAB}. (5) 


Under these same conditions (absence of recombinations) it is obvious that Ht» coincides with kg which 
was defined by Equation (1a), The second real value of the B matrix (ty) is approximately equal to the rate 
of vibrational energy relaxation in molecule AB, whereupon the inequality Hy « py is fulfilled [8, 9} If the 
observation time t exceeds considerably the vibrational relaxation time, i.e., t > 1/py, then it follows from 
Equation (4) that the distribution function will be damped exponentially, which corresponds to dissociation. 
Since the relaxation time of translational] motion isshorter than that of vibrational energy, then under the in- 
dicated conditions, we can assume that the energy distribution of atoms A and B is in a state of equilibrium. 
Then it is obvious that the solution of equation 


BX, + C{A}o [Blo = 0 (6) 
will be an equilibrium distribution function 
N exp(— En/kT). (7) 


Let us now find the value of the constant N. One usually postulates that Equation (1) is valid for all values 
of [AB], [A], and [B], in particular at equilibrium ($ [AB] = - However, we have no grounds to assume 


that numbers kg and k, will have the same values at equilibrium as at the initial stages of the dissociation 
and recombination reaction, where Equations (1a) hold. Therefore, in a general case one should introduce 
equilibrium values for the dissociation k and the recombination k rate constants, which are related 
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a 
« 
A 
- 
okt 


to the equilibrium constant K by the relation 


[A]o [Blo 
= K = 


0 
Substituting Equation (7) in (8) and assuming that [AB]) = 2x) we will find the constant coefficient in 
Equation (7): 


KO 
N RY) Q 


where Q is the partition function for molecule AB. 
Thus, whent >» 1/py the kinetics of thermal dissociation and recombination may be described by 


equation 


[AB] = aexp (— kat) + [Alo [Blo- 


d 


At the same time integration of the inexact kinetic Equation (1) gives 


k 
[AB] = a exp (— kat) + |, [B]o. (11) 


Expression (10) and (11) are different, since, as one may readily see, the ratios KO Yi and k;,/ kg are 
not equal to each other. Actually, under ordinary experimental conditions the recombination rate constant 
ky will have the same value in the equilibrium as well as the nonequilibrium process, In fact, the experimental 
recomination rate constants of, for example, Br or I at T = 300 K are equal to 10-8? cm®/mole*-sec ~ 10% 
cm®/mole*sec. In the recombination experiments the concentrations of Br and I atoms did not exceed several 
millimeters of Hg, i.e., about 1077 moles/ cm’ The recombination reaction rate in this case was less than 
10% 1077 - 1077 [M] sec"! = 10 [M] sec 4. At the same time it is known that the deactivation of vibrationally 
excited molecules occurs at practically every collision; under ordinary temperatures the number of collisions 
Z ~ 10“ cm’ /mole - sec. In addition, to this the deactivation rate of excited Br,* or I,* molecules is equal 
to 104+ 1077 {M] sec = 107 (M] sec) i.e., much greater than the rate of the initial recombination process. 
It follows from this that the rate of the nonequilibrium recombination process is determined by the rate of transi- 
tion (of atoms A and B) from states in the continuous energy spectrum to any of the upper levels in molecule 


AB. Moreover, the recombination equilibrium constant, when determined, turns out to be exactly equal to the 
rate constant of the latter process. 


On the other hand, the equilibrium dissociation rate constant Kg” exceeds the rate constant of the non- 
equilibrium process ky. This is due to two causes; greater occupancy of upper vibrational levels at equilibrium 
and the effects of long-range forces, The dependence of equilibrium dissociation rate constant on these forces 
follows from the work of Russel and Simons [14], who established a parallel relationship between ky (consequent- 
ly kg’” = Kk;) and the degree of van der Waal's interaction among molecules M. The long range forces, how- 
ever, do not effect the rate constant of the nonequilibrium dissociation (kg), since they evidently are only effec- 


tive in transitions from only the highest vibrational] levels to the states of continuous energy spectrum, i.e., 
these forces determine that rate of the fastest stage. * 


*Due to the difference between et and kq, there is no point in trying to combine into one interpolated formula 
the dissociation rate constants obtained from direct measurements of the nonequilibrium process (at high tem- 
peratures)with the ones calculated for the equilibrium conditions (at low temperatures) as was done, for exam- 
ple, by Palmer and Hornig [10]. One of us committed the same error in one of his communications [9]. 
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The calculated values of kg for the thermal dissociation of Ig, Brg, and O, give a satisfactory agreement 
with the experimental values determined kinetically for molecular dissociation caused by a shock wave in an 
argon atmosphere at 1000-4000° K [10-12], For example, for the thermal dissociation of bromine at T = 
2000 K, we obtained in accordance with [9], 


ka = 4-10" exp(— D/kT) mole sec. 
According to Palmer and Hornig [10],the experimental value of ke, at this temperature is 
= 5-10" exp(— D/kT) cm*/ mole sec. 


At other temperatures for which direct measurements are available the experimental dissociation constants 
exceed the theoretical ones by not more than a factor of 2 to 3. 


According to Willard* the value of ky for bromine dissociation at 300 °K is 
kY = 10° exp(— D/kT). 
Formulas derived in [9] give for the same temperature 
ka = exp(— D/RT). 
Thus, the equilibrium dissociation rate constant is one order of magnitude larger than the nonequilibrium value. 
A series of authors [1, 13] have noted the large — of the coefficient in Expression (12) for - as com- 
pared with the gas kinetic number of collisions Z = 104, This discrepancy can be explained, first by the causes 
which are responsible for making kg °) larger than kg, and second, by factors such as rotation of the dissociating 
molecule [9], presence of several stable electronic states [1], and some increase in the molecular dimensions on 
account of vibrational excitation. 
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THE BEHAVIOR OF SULFATE ION IN THE ELECTROLYTIC 
PREPARATION OF MAGNESIUM 


S. A. Pushkareva and E. A. Ukshe 


Bereznikov Branch of the All-Union Aluminum-Magnesium Institute 
(Presented by Academician A. N. Frumkin, July 31, 1958) 


As was shown in papers [1-4], in the presence of sulfates there is an appreciable decrease in the yield of 
magnesium (for a given amount of current) electrolyzed from the fused chlorides. However, up until now the 
mechanism of this phenomena has not been discovered, despite the fact that it is of some interest not only for 
the solution of a series of practical problems but also for a fuller understanding of the kinetics involved in the 
electrolytic preparation of metals from their fused salts. 


Since the electrolysis of fused magnesium salts is usually done in an electrolyte containing besides mag- 
nesium, potassium, and sodium chloride, also some dissolved metallic magnesium [5], it seems probable that 
at 700° the following equilibrium is established, 


Mg"? + 3 Mg +-SO,?=24 MgO +S, (1) 


and is strongly displaced to the right, due to the fact that under the electrolysis conditions the standard free 
energy change for reaction (I) is about ~ 267,170 kcal/ mole. 


However, the majority of workers claim that elementary sulfur could not remain for a long time dissolved 
in fused chlorides due to its low boiling point (441°). Therefore, a further reaction between sulfur and metallic 


magnesium to give sulfide is usually assumed, yet it is still not understood how thesulfide would affect the 
cathodic process. 


We have established that when the sulfate ion (in the form of MgSO,) is introduced into the fused chloride 
which contains metallic magnesium, then the electrolyte acquires a blue color and the color intensity increases 
if more sulfate is added. The blue color becomes detectable at 0.05-0.1 wt. % of SO, in solution, but if a 


large amount of magnesium oxide is suspended in the melt, the color disappears while a bluish sludge deposits 
on the bottom of the cell. 


To find out why the melt becomes colored we carried out a series of experiments to test the effect of 


various sulfur compounds on the electrolyte color. The experiments were carried out in quartz cells in an 
argon atmosphere. 


It was shown that: 


1) When magnesium sulfate was introduced into fused MgCl, + KCl free of metallic magnesium, or in the 
presence of solid magnesium (t < 650°) no color appeared, 


2) When MgSO, was introduced into fused MgCl, + KCl free of magnesium, sulfur, sulfites, or thiosulfites 


the blue color appeared, yet a qualitative analysis of the solidified salt failed to show any SO, , SQ, , or S- 
ions. 


3) In cases where the blue color was observed in the melt, we noticed that some elementary sulfur was 
being deposited on the walls of the quartz tube as time went on. 
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These qualitative experiments permit the assertion that when various sulfur compounds are introduced 
into the melt, then either due to the high temperature (SO, , S,Og >) or as a result of a reaction with dissolved 
magnesium (SO, ) they actually decompose to yield elementary sulfur, which evidently is soluble in the fused 
chloride and distills off very slowly. 


The sulfur probably forms polymers or rings in the electrolyte of the composition Sg, Sg, etc.; these 
possess high surface activity in an ionic solution and can be adsorbed on the solid cathode to forma film which 
by impairing the wet contact between magnesium and 
the cathode leads to the formation of a more dispersed 
magnesium. This in its tum is connected with the de-~ 
creased yield (for a given amount of current) due to a 
higher rate of solution and the anodic oxidation of the 
metal [6]. 


In order to varify this assertion, we measured the 

fo capacities of an electrolytic double layer on a molybde- 
num surface in fused chlorides. Measurements were done 
with an impedance bridge whose regulating arm consisted 

eo} of variable resistors and condensers connected in series, 

. while the two reference arms had a lmf_ capacitor each. 


A ZG~10 audio-frequency generator was used as the source 
n of alternating current. An electronic oscillograph EO-7 
was used as the balance indicator. 


The experiments were carried out in a procelain 
, crucible which was placed in a shaft electric furnace 
with automatically regulated temperatures. A layer of 


40 liquid magnesium (into which about 1.5 mole % of lead 
ss <a was added to increase the weight) severed simultaneously 
24 20 46 G6 as the reference and the auxiliary electrode. A molyb- 


denum wire was fused in a quartz tube and its end (ap- 
Fig. 1. Capacity of a double layer as a function of proximate surface about 107% cm?) served as the investi- 
potential in fused chlorides. Electrolyte contents; gated electrode. A smal] amount of magnesium chloride 
KCl + NaCl + MgCl, (0.8 mole %), SO, 0.05 wt % (about 0.8 mole %) dissolved in a eutectic mixture of 
T = 720°, f = 500 hertz. potassium and sodium chlorides served as the electrolyte. 
At 700° the potential of a magnesium electrode in this 
melt was about ~2,.9 v (on the chlorine potential scale). An LP- 5 vacuum-tube potentiometer was used to meas= 
ure the molybdnum potential vs, the magnesium electrode. The amount of magnesium sulfate added corres- 
ponded to about 0.5 wt. % of SOg¢ in solution. 


Before beginning the experiment, we subjected the electrolyte for 1 hour to a direct current by using a 
special cathode. During this the Mg concentration in the melt changed, and therefore, we had to determine 
the magnesium contents after the experiment was over. 


We used for our capacity measurements a 15 mv alternating current with a frequency of 500-1000 hertz. 
The results of these measurements are presented in Fig. 1.* The capacity vs. potential curve we obtained was 
quite reproducible and had the following characteristics: 


1) The curve had two clear desorption peaks, and the peak on the cathode branch of the curve always 
seemed more pronounced than the one on the anode. 


2) While in pure electrolytes a pronounced minimum was observed on the capacity vs. potential curve, 
in the presence of sulfur this minimum appeared spread out and slightly displaced toward more negative potentials. 


* Due to unsufficiently smooth molybdenum surface the specific capacity values in our experiments are some- 
what too high. 
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3) In the region of maximum desorption periodic fluctuations of capacity (attaining about 50% of the 
peak) were observed on the anodic branch of the curve. 


4) When temperature was raised the minimum shifted slightly toward more positive potentials, 


It is still difficult at the present time to give a full interpretation to the picture obtained due to a lack 
of reliable data on the structural properties of electric double layers in fused salts. However, it is entirely ob- 
vious that the presence of two desorption peaks on the C vs ¢ curve indicates that the adsorbed material is 
sulfur, a constituent of the uncharged particles. On the basis of the preceding discussion the most likely hypo~ 
thesis is that the melt contains polyatomic polymers of type S, with a high surface activity. 


In concluding we consider it a pleasant duty to express out deep gratitude to B, N. Kabanov and D, L 

Leikis for their comments on the results of this work. 
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THE INFRARED SPECTRA OF WATER, ETHANOL, AND METHANOL 
ADSORBED ON CHROMIC OXIDE 


L. M. Roev and Academician A. N. Terenin 


A. A. Zhdanov Leningrad State University 


Infrared spectroscopy provides one of the most fruitful methods for the study of adsorption and catalysis 
{1-5}. With its help it has been possible to establish the existence of a number of different adsorption centers 
on the surface of silicate adsorbents [2] and on that of analuminosilicatecatalyst [3]. Such centers consist of 
surface OH groups, and also groups of a second kind, which behave as electron acceptors. Infrared spectroscopy 
allows us to study the mechanism of catalytic reactions by establishing what is the primary step in the inter- 
action of the reacting molecule with the catalyst. A. A, Babushkin and his co-workers[4] have confirmed spec~ 
troscopically that surface compounds are formed when alcohols are adsorbed on aluminum oxide. 


In the present work the authors set out to explain the mechanism of the decomposition of alcohols on 
Cr,O3. The transition metal oxides, and in particular CrgOg and Fe,Ox, are of great interest since on their sur- 
faces it is possible to postulate several catalytically active centers. Cr,O; is a catalyst for the dehydrogenation 
and for the dehydration of alcohols [6-7]. 


The Cr2Og preparation at our disposal was obtained by the combustion of ammonium dichromate. Cr Og 
obtained in this way is catalytically active for the decomposition of alcohols [8] and has a high specific surface 
(176 m?/ g), which was also a determining factor in the choice of material for the present work, * 

The CrzOg powder was pressed between NaCl plates to form a layer of thickness corresponding to 6-8 
mg/cm’, The conditioning of the surface was carried out by heating in air at 500° for 2 hours, followed by 
pumping continuously for 1°/2 hours at 450°, After this the sample was cooled and its spectrum recorded, after 
which adsorption of vapor was allowed to go on for one hour, The preparation of the sample in vacuo, adsorp- 
tion of the substance under consideration, and spectroscopic examination were carried out in a special vacuum 
cell described in [11], The thickness of the free space through which the light heam passed was such that the 
vapor filling it did not contribute to the infrared absorption at the pressures used. Spectra were taken with a NaCl 
prism onanIKS-11 spectrograph. The spectra illustrated are expressed in terms of I/Ip, where I is the trans-~ 
mission of the sample after adsorption of the substance under investigation, and ly the transmission before ad- 
sorption, Such a presentation gives the clearest picture of the situation since spectra in the region 1500-11700 
cm”! are ney interfered with by the atmospheric water bands. The spectral range studied was between 800 
and 1700 cm™. The transmission of samples in the 6-8 mg/cm? thickness range was about 10% at about 1800 
cm’, The spectra were taken with slit widths ranging from 15-20 cm), 


H,O. Adsorption of HO was carried out at 20° and at a vapor pressure of 4 mm. In Fig, 1 is shown the 
CrzO3 spectrum after adsorption. In the region 800-1700 cm™* the following absorption lines appear; 1645, 
1492, 1336, 1180, 1042, 936 and 850 cm74, Besides these lines, which all have sharp maxima, it may be ob- 
served that there is an increase in genera] background over the whole region studied (800-1700 cm”), 


*The CrgO, used was prepared at our request, and its surface area measured, by V. A. Komarov, to whom, 
we are very grateful. A second sample, which was also used in the investigation, was obtained from Academi- 
cian A. A. Balandin, to whom we also refer our thanks, 
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Curve 2 in Fig. 1 shows the spectrum of the same sample after desorption of the H,O for 1 hour at 20°. 
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Fig. 2. 


there are different adsorption centers. 


The broad and intense absorption band at 1645 cm™! belongs to water in the capillary condensed phase, 
The peaks at 1492, 1336 and 118 cm7! obviously correspond to water molecules adsorbed on CrgO3. The bonds 
to the surface are weak ones, since the absorption bands disappear on pumping out even at 20°, 


The peaks at 1042, 936 and 480 we may ascribe 
to OH groups, formed during the hydration process, which 
are bound to the surface. This assignment is based on the 
fact that most metallic hydroxides have their OH deforma- 
tion frequencies in the region 600-1100 em7! [9] Besides 
this, on pumping out, these bands, although they shift a 
little, do not disappear (Curve, Fig, 1). The shift obvious- 
ly results from the removal of the interaction of the OH 
group with water molecules adsorbed or condensed on the 
surface. 


The presence of such a large number of bands when 
water is adsorbed indicates the presence of several dif- 
ferent types of adsorption centers on the Cr Og surface. 

As is well known, the OH deformation frequency of 
metallic hydroxides is very sensitive to the nature of the 
metal [9]. 


CzHsOH. The adsorption of ethanol vapor on 
Cr2Og, was carried out at a pressure of 40 mm and at two 
different temperatures, 20° and 150°, The sample was 
held under these conditions for one hour, after which it 
was cooled and the remaining vapor removed by pump- 
ing out at 20° for 15 min, Figure 2, Curve 1 shows the 
spectrum of Cr2Og after absorption of CgHsOH at 20° and 
Curve 2 that after absorption at 150° and subsequent de- 
sorption at 20°, 


To simplify theinterpretation ,acomparison of the 
spectral lines observed is given in Fig. 3, It canbe 
seen that the peaks at 1645, 1336, 942 and 859 cor- 
respond closely to the bands appearing when water is ad- 
sorbed on CrgO 3, From this it follows that the bands at 
1645 and 1336 cm*! are due to water molecules split 
off from the alcohol, and those at 942 and 859 cm”! to 
surface OH groups. The desorption carried out at 20° 
for 15 min was obviously insufficient. 


The presence of a peak at 1563 and the group of 
peaks at 803, 836 and 924 cm7! indicates that when 
C2HgsOH is adsorbed on CrgOg, a compound is formed on 
the surface which possesses a carbon-carbon double bond, 
It is well known thatthe out-of-plane =CH deformation 
vibration lies very characteristicslly in the region 800- 
1000 cm”, and the presence of bands in this region is 
sufficient to justify our speaking of aC = C bond. The 
band at 1563 cm” borders on the region characteristic 
of the C = C stretching frequency. However it is not 
possible to decide on the basis of the present data what 


unsaturated compound is formed on the CrgOx surface when alcohol is adsorbed, From the fact that several 
= CH frequencies are observed, we must assume either that several different compounds are formed or that 
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The broad band with a maximum at 1432 cm” consists of superposed deformation vibrations of CHsg, 
CHg, and CH groups and cannot be used for analytical purposes. 


The bands at 1058 and 1051 cm™* appearing when ethanol is adsorbed at 20°, belong to ethanol molecules 
weakly adsorbed on the Cr,Og surface (in methanol] the corresponding band is at 1033 cm7*). The bands at 1065 


and 1165 cm™!, which appear on heating, may clearly be assigned to the surface compound Cr—-O-C-C-=, 


by analogy with the interpretation of the spectrum of ethanol on AlzO, made by A. A. Babushkin and A. V. 


Uvaroy [4]. The band at 1024 cm!, which does not dis- 
| Ip cson/er ma appear when the adsorption is carried out at 150°, possi- 
bly belongs to chemisorbed molecules. The ad- 
sorption of C,HsOH on Cr,O, at 150° (Curve 2, Fig. 2), 
iy cn<t — leads to some shifting of the 1563, 1144 and 859 cm™! 
bands, and also to a change in the relative intensity of 
several of the bands, 


CH;OH. The adsorption of methanol vapor was 
caried out at 20° and 150° at a pressure of 40 mm. Curve 
1 of Fig. 4, corresponds to adsorption of methanol at 20° 
for 1 hour followed by desorption for 15 min at the same 
temperature. A comparison of the spectrum obtained with 
that of adsorbed C2H;OH (Fig. 3) shows that there is much 
common to both of them. The bands at 1645, 1492 and 
1336 cm™, and the weak bands at 942 and 854 cm™! may 
be assigned as before to H,O molecules and OH groups 
split off from the alcohol molecule; the 1580 band, and 
those at 814, 836 and 924 cm™ are attributed to the 
formation of a compound containing the C = C double 
bond. The intense 1033 cm™! band (1051 and 1080 cm7! 
for ethanol) belongs to the unbroken C=O bond of the 
CHsOH molecule physically bound to the CrgOx, but does 

not disappear on desorption at 20°. The band at 1223 cm} 

= obviously corresponds to the 1250 cm”! band which was 
Fig. 4 observed when is adsorbed on 


1090 


Curve 2 of Fig. 4 shows the spectrum of CrgO, with adsorbed CH,OH when both the adsorption and desorp- 
tion were carried out at 150°. The relative intensity of the bands at 942 and 854 cm!) which belong to the OH 
group, has increased and that of the 1033 cm*! band, which belongs to the C-O bond of physically adsorbed 
methanol, has decreased; meanwhile the band at 1223 cm”! has shifted to 1250 em”), obviously because of 
the decreased coverage of the surface, and a distinct band at 1090 cm”? is exposed. 


According to the data of Colthup and Bellamy [10], aromatic and unsaturated aliphatic ethers containing 
the group =C-O have a strong absorption band at 1250 cm™*, The band at 1250 em!) which appears when 


ethanol] is adsorbed on Cr,O3, might therefore be attributed to the formation of adsorbed unsaturated ethers or 
of surface compounds such as Cr = O= C=C =. However, a similar band is also observed on the adsorption 


of methanol] at 20°, in which case the formation of such compounds seems doubtful. The band at 1250 was also 
observed by A. A. Babushkin and A, V. Uvarov [4] when ethanol is adsorbed on Al,O3, and that at 1237 cm7! 
when methanol is adsorbed on Al,Og These authors ascribed the band to the Al-C linkage by analogy with 
compounds containing the Si-C bond, which show absorption at 1250 cm! However, the observation of exactly 
the same frequency in the case of Cr,O, throws some doubt on this interpretation, since it is hard to imagine 
that the Al-C and Cr-C bonds have identical frequencies. 


On the basis of the interpretation of the spectra given here, we can say that even at 20° the adsorption 
of alcohols on CrgO, is accompanied by the following processes; a) splitting off of HyO molecules and OH 
groups from the alcohols, with the formation of unsaturated compounds; b) elimination of hydrogen, with the 
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' 
formation of surface compounds of the type Cr = O= CG ~ in the case of methanol and Cr = O=-C = C = in the 


case of ethanol. Increase of the temperature of adsorption to 150° does not substantially change the mode of 
decomposition of the alcohols. 


Because of the complexity of the spectra obtained when alcohols are adsorbed on Cr Og, it must be em- 
phasized that our interpretation of the bands observed is not unambiguous, and that further experiments are re- 


quired, using deuterated alcohols. 
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THE MIGRATION CURRENT ON A ROTATING DISC ELECTRODE 


V. D. Yukhtanova 


M. V. Lomonosov Moscow State University 


(Presented by Academician A, N. Frumkin, September 18, 1958) 


During electrolysis the oxidizable cations flow to the electrode surface by diffusion and migration. If 
the solution contains an excess of a supporting electrolyte, then the migration component of the limiting cur- 
rent can be made insignificantly small. In the region of highly dilute supporting electrolytes the migration 


component of the limiting current constitutes a large fraction of the total current, and therefore one should cor- 
rect for it when calculating the true diffusion current. 


Dkovic and Hyrovsky [1], Kolthoff [2], and Levich [3] gave various expressions for the migration current 
on a mercury drop electrode. However, at a low relative concentration of the supporting electrolyte the meas- 


urements on a drop electrode present considerable experimental difficulties, and therefore no one has until now 
verified these equations experimentally with any degree of precision. 


As early as 50 years ago Eucken gave the correct expression for the migration current during stationary 
electrolysis. If all the ions present in solution are univalent and the reducible cation has an anion in common 
with the supporting electrolyte, then Eucken*s formula looks as follows: 


I = 2la4[M—YV M(M (1) 


where Ig is the limiting diffusion current in the absence of migration, while M is the ratio between the total 
anion concentration and the concentration of the reducible cation. 


It seems that Eucken's formula has not been so far verified experimentally except by the author himself. 
Eucken's measurements were not accurate enough and covered only a small range of M values. 


Eucken's results were given for an unstirred electrolyte, but they could be transposed to other cases if the 
electrolysis were carried out under strictly stationary conditions, for example, on a rotating disc electrode. The 
purpose of this investigation was to verify Eucken's formula at relatively low concentrations of the supporting 
electrolyte. If the supporting electrolyte is in a considerable excess (for example, by beginning with a 10 fold 
excess), Eucken's formula can be written in a more convenient form, namely 


} 


where Cg = concentration of the discharge cation, C = concentration of the supporting electrolyte. 


Expression (2) was used in our preceding paper [5], and the experimental technique was also described 
there. The measurements were carried out by the compensation method with an amalgamated copper rotating 
disc electrode at 2% in a hydrogen atmosphere. The electrode potential was measured with reference to a 
1 N calomel electrode. In all the cases the tip of the reference electrode jacket was placed as close as possi- 
ble to the other electrode surface. To decrease the ohmic potential drop we tried to use as low as possible con- 
centrations of the reducible cation (which is significant if the supporting electrolyte concentration is not too low) 
and proceeded in the order of decreasing electrode revolutions. The number of electrode revolutions was varied 


in the 90-150 rpm range. In this range, the proportionality between current density and the square root of 
n.e.r.* was fulfilled just as required by Levich's formula. During each experiment we kept the rate of rotation 
constant. Inthe whole range of measurements, we observed good reproducibility in the experimental data, 


In Fig. 1, we have drawn the polarization curves for TI* ion. 


Curve a was taken with a 50 fold excess of sodium perchlorate, i.e., under conditions where the action of 


the electric field on the reducible cation was practically nil, and the resulting current was a diffusion current. 
In this case the limiting current I= 5.4 pa. 


The polarizationCurve b was taken for TI* ion at the same concentration but in the absence of inert 
electrolyte. Despite an appreciable ohmic potential drop, the curve had a suffuciently distinct plateau from 
which the limiting current could be computed readily, I= 10.6 wa. In this case the limiting current has in- 
creased to double (deviation was not more than 2%) the value it has at the same Tr" ion concentration in the 
presence of excess supporting electrolyte. The obtained dependence is in accord with Eucken's formula. Eucken 
was not able to obtain very clear plateaus for the limiting current in the absence of supporting electrolyte. 


Eucken's formula makes it possible to calculate 
true diffusion currents in the presence of highly dilute 
supporting electrolytes. Thus, in a series of measure- 
ments on the TI” ion, by using the obtained diffusion 
currents, we calculated the diffusion coefficients ac- 

ii cording toLevich's formula; these coefficients, when 
Oe plotted against the square root of the supporting elec- 
{ trolyte concentration, fell on a straight line (Fig. 2); 
mye extrapolation to infinite dilution gave the diffusion co- 
V 09 7] 7] Vv efficient D. = 19.90 x 1076 which is in good agree-~ 
ee ment with the value calculated by the use of Nernst 
equation from the ionic mobility at infinitely dilute 


Fig. 1. Polarization curves for the reduction of TI* 


solutions, Dy, = 19.94 x 1078 cm*/ sec. According 
ion; a) with excess of supporting electrolyte(NaClO,); , 
t by G fe i 
b) in the absence of supporting electrolyte. 


correction should be introduced into Levich's formula. 
Introduction of this correction is of no importance in 
the calculations on which Table 1 is based. These re- 
sults may be considered to be the most reliable proof 
for theusefulness of Eucken's formula in calculating 
the migration current on a solid rotating electrode. 


Since, as may be seen in Fig, 2, the diffusion 
coefficient is a function of the solution concentration 
while within the limits of a diffusion layer this con- 
Fig. 2. TI* diffusion coefficient as a function of the centration changes from Cg + C, at a po ye large 
square root of the supporting electrolyte concentration. distance from the electrode, to (Cg + cy¥ 2 c,¥ 2 at the 

electrode surface [7], then the choice of the concen- 
tration values to be used on the abscissa becomes difficult if the magnitudes of Cg and Cy are comparable, There- 
fore, in plotting Fig. 2, we used the mean concentration values, namely 


If we disregard the dependence of the diffusion coefficient on the solution concentration in the range of 
sufficiently dilute solutions, then we can verify Eucken's formula in a more graphic, though somewhat less ac- 
curate form, and namely: by calculating Igy according toLevich's formula from the diffusion coefficient at in- 
finite dilution, which was determined by extrapolation(as shown in Fig. 2) or calculated from the electrical 
conductance at infinite dilution (which is practically the same thing), and then comparing the calculated values 


*n.e.r. = number of electrode revolutions, 
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of 1, with the experimental values of I. In Table 1, we have compared this determined I/Ig values with the 
ones calculated from Eucken'*s formula, 


TABLE 1 


I/1g calc. from 
Eucken's eq. 


exper, 


1.002 1.004 
1.005 1.008 
1.003 1.012 
1,016 1.023 
1.046 1.050 
1,121 1,124 
1,247 1.249 


In concluding, we take a great pleasure in expressing out deep gratitude to Acad. A. N. Frumkin for some 

valuable comments in connection with this work. 
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THE SURFACE CHARGES OF SEMICONDUCTING OXIDES IN THE 
ADSORPTION OF GASES AND VAPORS 


—. Kh. Enikeev, L. Ya. Margolis and S. Z. Roginskii, Corresponding 
Member, Acad. Sci. USSR 


The Institute of Physical Chemistry of the Academy of Sciences of the USSR 


A knowledge of the electrical state of the adsorbed molecules is essential for an understanding of the 
mechanisms of many surface processes. Although a number of papers have dealt with the surface charges which 
arise on semiconductors during the adsorption of various substances [1, 2] there is almost no data to indicate 
how these charges are affected by the type of bonding between the adsorbed molecules and the semiconducting 
surface. Measurement of the work function is a sensitive method for the detection of the surface charge [3]. 


The vibrating condenser technique [4] was selected for studying the relation between the adsorption and 
the surface charge. The experimental semiconductor, in powdered form, served as the fixed plate of the con- 
denser, the vibrating plate being a gold sheet. The accuracy of the readings was approximately 0.01 v. In- 
vestigation was made of the adsorption of O2, Hz, CO, COz, CsHg, and isopropyl alcohol vapors, on ZnO, V Os, 
CuO and NiO, the first two being electronic, and the last two hole, semiconductors. The surface coverage by 
the adsorbent, 6, was determined manometrically and independently of the measurements of V,. In the var- 
ious experiments, @ ranged from 0.001 to 0.5-0.7. The specimens were heated ( 250-400°) under continuous 
evacuation to a vacuum of about 107 mm. 


In Fig. 1, there is shown the relation between the contact potential, V., of NiO and the time of aging 
of a specimen which had earlier been held in an atmosphere of oxygen. The marked decrease in the work 
function is clearly due to the desorption of oxygen from the catalyst surface. 


The high sensitivity of V, to the amount of oxygen on a semiconducting oxide surface indicates that 
comparison of the work functions of specimens which have been held in an atmosphere of O, can be made 
only if the specimens have been treated under strictly comparable conditions. 


Adsorption of the various gases and vapors, at room temperature and above, was studied after aging had 
led to an approximately constant value for the contact potential of the given semiconductor. 


Table 1 presents data on the surface charges of semiconducting oxides in the adsorption of gases (at 20°) 
With the exception of oxygen, the adsorption of each gas either decreases the work function, i.e., the gas acts 
as an electron donor [5], regardless of the type of semiconduction (an inversion of charge sign for adsorption on 
n- and p-conductors, was not observed), or else leaves the work function unaltered (CO, and CsHg on ZnO), It 
should be noted that the adsorption takes place very rapidly in this case, the desorption of each gas being almost 
complete at 80°; it is very likely that this adsorption is physical. 


Confirmation of this conclusion is to be found in the adsorption of CgHg on CuO (Fig. 2). In this case, 
there is also observed a rapid reversible adsorption, but at higher temperatures (50-120°), a fact which clearly 
points to the chemical nature of the process. There is an accompanying sharp decrease in the work function. 


Oxygen, adsorbing firmly and irreversibly on NiO (20°), changes (diminishes) the work function ‘still 
more markedly (Fig. 3). 
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TABLE 1 


The Signs of the Surface Charges of Semiconductors In the Adsorption of 
Gases 


semi- Absorbate 


conductor | 


Ha | co CO; 


NiO no adsor unchanged 
V.O; unchanged 


CuO no adsorp, | + unchanged 
ZnO no adsorp. | no adsorp. | unchanged 


1 


l 


Fig. 1. The relation between the contact Fig. 2. The surface charge inthe 
potential, V., and the time of aging of adsorption of CsHg on CuO (80°). 
the specimen. 


50 
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Fig. 3. The relation between the contact Fig. 4. The variation of the con- 
potential, V.., and the degree of surface tact potential of ZnO in the adsorp- 
coverage, tion of isopropyl alcohol (20°). 


Peculiar results are observed in the adsorption of isopropyl alcohol vapors on ZnO at 20° (Fig. 4). The 
contact potential passes through a maximum (and the work function, through a minimum ) when 10% of the 
adsorbent surface is covered with the alcohol. The work function falls on the left branch of the curve which is 
associated with the firm, irreversible adsorption of the alcohol, and rises on the right branch where the adsorp- 
tion is weak and reversible. Desorption of the weakly bound portion of the alcohol takes place on elevating 
the temperature, and at 80° there remains of the V,( @) curve (@ is the surface coverage) only that left section 
which is associated with the firmly bound alcohol. Thus, the weak, reversible, adsorption of carbon dioxide 
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and propylene on ZnO at 20° does not bring about any alteration in the work function, whereas this same type 

of adsorption in isopropyl alcohol (the right branch of the curve of Fig. 4) increases this function. The weak- 
ly and reversibly adsorbed portion of the alcohol does not bring about any alteration in the surface charge, as 
has been shown by the measurements of electrical conductivity which have been carried out by G. M. Zhabrova 
on these same specimens, f 


In this case, it is possible that the change in the work function could be explained in terms of the dipolar 
nature of the adsorbed alcohol molecules as contrasted with the symmetry of the molecules of CO, and CsHg. 
Evaluation of the dipole from Fig. 4 actually gives 3+ 1078 cm, a result which is not too far from the accepted 
value of 1078 cm, 


Thus, the measurment of differences in the contact potentials is a promising method for studying the char- 
acter of the bonds which exist between the adsorbed molecules and a semiconducting surface. 
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AN INVESTIGATION OF THE ELECTRODE REACTIONS ON THE 
SILICON CATHODE 


E. A. Efimov and I. G. Erusalimchik 
(Presented by Academician A, N. Frumkin, September 11, 1958), 


A number of papers [1-5] have shown the kinetics of the electrochemical reactions on the germanium 
electrode to be distinguished by certain peculiarities which arise from semiconduction in the metal. In this 
connection, it is of interest to determine the extent to which these same peculiarities can appear in other semi- 
conducting materials such as silicon, especially so since the literature contains no work devoted to this problem. 


By using polarization measurements, over the interval of current densities from 107 ® to 107! amp/ cm?, 
the present work has studied the electrolytic evolution of hydrogen, and the reduction of potassium ferricyanide, 
at t= 20°, on monocrystalline silicon of the p- and the n- types, oriented according to the 111 planes. The 
construction of the electrodes and the electrolyzer, and the technique of the polarization measurements, were 
the same as those described in [6]. Electrical contact with the silicon was made through an electrolytic de- 
posit of rhodium. Prior to each experiment, the electrode was treated with a HF : HNO, mixture (1: 2) and 
with 42% HF. The same results were obtained through a preliminary treatment of the electrode with boiling 


KOH (5-10%). A hydrogen half-cell served as the comparison electrode in the acidic solutions, and a calomel 
half-cell, in the alkaline solutions. 


In Fig. 1, there is shown the relation between the logarithm of the current density in 2 N HgSQ, solutions 
and the hydrogen overvoltage on n- and p- type silicon of various specific areas, the minority carrier life- 
time being 30-40 p sec. These curves are practically coincident over the interval of current densities 10-8 - 
1074 amp /cm?, and have a slope of b = 0,18. Divergences are observed at higher current densities. Similar 
curves were obtained in 1 N KOH (Fig. 2). Each of the curves of Figs. 1 and 2 was developed with the elec- 
trolyzer completely darkened. Over the entire range of investigated current densities, illuminating the p-type 
silicon electrode ( p = 10 ohm +cm) with a 200 candlepower arc lamp caused a 100-200 mv shift of potential 
in the positive direction. This effect was not observed with n-type silicon. Thus the hydrogen overvoltage curves 
for silicon are quite different from those for germanium [6] where the value of the overvoltage is independent 
of the type of conduction in the electrode. 


It might be supposed, as Brattain and Garrett have done [1], that the curves of Fig. 1 diverge because of 
the suppression of the diffusion of electrons, the minority current carriers, from the interior of the p-type semi- 
conductor to its surface. This would, however, scarcely correspond with the facts. If the deflection of Curve 
1 atl = 1074 amp/cm’ is due to the appearance of a limiting diffusional current of electrons, it is then diffi- 
cult to admit that this same effect would arise at 1 » 1079 amp/cm? in n-type silicon where the electrons are 
the principal carriers. Moreover, if suppression of the electronic diffusion actually plays a decisive role in 
silicon, it could be anticipated that the deviation between Curves 3 and 4 would be much more pronounced than 
it is, and that these curves would not lie so close to Curve 1. 


In our opinion, the differences existing between the curves of Fig. 1 arise, not from the effect of the type 
of conduction in the silicon on the hydrogen overvoltage, but rather from the ohmic potential drop in the im- 
poverished layer of the semiconductor which is included in the measured value of the overvoltage. In order to 
confirm this supposition, the differential capacity of the silicon electrode was measured at a frequency of 200 
kc. In sufficiently concentrated electrolytic solutions, the calculations of Bohnenkamp and Engell [5] have 
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shown the capacity of a semiconducting electrode to be fixed by the width of the impoverished layer, and not 
by the electrochemical processes. It would thus follow from our results (Fig, 3) that the maximum width of 

the impoverished layer and the largest ohmic potential drop would be shown by the p-type silicon with p = 10 
ohm+ cm. The p= and n-types with p = 25 ohm * cm would follow closely thereafter. Taking the four cases 
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Fig. 1. The hydrogen overvoltage on silicon in 2 N H,SOg 
1) p-type, p = 10 ohm* cm; 2) n-type, p = 10 ohm + cm; 
3) p~ type, p = 20 ohm cm; 4) p-type, p = 25 ohm-cm. 


together, the maximum capacity and the minimum values of the width of the impoverished layer and the ohmic 


potential drop should be observed in the n-type silicon with p = 10 ohm~ cm. The position of the curves in 
Fig. 1 is in full agreement with this interpretation, 


In the light of these facts, it becomes understandable that there would be no sharp deflection of the n 


vs log I curve for germanium [6] atI < 107! amp/ cm? Measured under our conditions, the capacity of the 


germanium electrode at p = 1 ohm > cm is 10-90 mf/ cm’, This is much higher than the capacity of the 


silicon electrode (Fig. 3). It could thus be expected that the ohmic potential drop in the impoverished layer 
would distort the n vs log I curve at higher current densities, Withgermanium, supplementary experiments 
showed that such a distortion is actually observed at about 3+ 107 . amp/cm ® 


-4 
log I (amp/cm?) 
Fig. 2. The potential of the silicon cathode (vs the calo- 
mel electrode) in 1 N KOH: 1) p-type, p = 10 ohm + cm; 
2) n-type, p = 10 ohm» cm. 
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Nevertheiess, the action of illumination in 
diminishing the hydrogen overvoltage on p-type silicon 
by 100 - 200 my indicates that there is a certain sup- 
pression of the passage of electrons from the interior of 
the semiconductor to its surface. However, this is not 
the principal cause of the hydrogen overvoltage. With 
silicon, just as with germanium, the kinetics of the 
hydrogen evolution is clearly limited by processes oc- 
curring in the electric double layer, rather than in the 


2 
4 interior of the semiconductor. The high value of the 
coefficient b = 0,18 v is obviously related to a certain 
3 oxidation of the electrode surface at the higher nega- 
tive potentials. 
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I. order to interpret the effect of the type of con- 
duction in the silicon cathode on the course of other 
electrochemical reactions, polarization curves were 
developed for the reduction of KgFe(CN)¢ (Fig. 4). It 
is to be seen from Fig. 4 that the kinetics of the ferri- 


: cyanide reduction depends not only on the ionic con- 
conduction in the cathode, this latter factor being much 
more significant here than it is in the evolution of hydro- 
ig? See gen. On illuminating an electrode of the p-type, Curve 
3ismarkedly displaced toward Curve 4. This indicates that the divergences between Curve 3 and 4, and 5 

and 6, are the result of a deficiency of electrons on the surface of the p-type silicon. 
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Fig. 4. Polarization of a silicon electrode during the re- 
duction of potassium ferricyanide: 1) p-type in 2 N HgSQ,; 
2) n-type in 2 N HgSQy; 3) p-type in 2 N H,SO,+ 5 g/liter 
KsFe(CN)g; 4) n-type in 2 N HgSO, + 5 g/liter KgFe(CN)g; 
5) p-type in 2 N HgSO, + 0.5 g/liter KgFe(CN)g; 6) n-type 
in 2 N H,SO, + 0.5 g/liter KgFe(CN)g. 


Thus these experiments show that semiconduction in the cathode variously affects the kinetics of vari- 
ous electrochemical reactions. The typeof conduction is without influence on the evolution of hydrogen on 
germanium [6], but it affects this process on silicon to a certain degree, and quite markedly influences the 
ferricyanide reduction. 
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It is clear that the lower the electrochemical polarization of the cathodic reaction, the more marked 
is the effect of the semiconduction of the material constituting the electrode. 
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RESISTANCE OF SOME DEFORMED MATERIALS TO CORROSION 
CRACKING 


Yu. S. Zuev and A. Z. Borshchevskaya 
The Scientific Research Institute of the Rubber Industry 
(Presented by Academician P. A, Rebinder, September 26, 1958) 


One of the most dangerous types of structural breakdown is the so-called corrosion cracking which arises 
from the simultanesous action of a stress and an adsorptionally active and chemically agressive agent. The 
role of the surface active agent in such cases was first pointed out, and then extensively investigated, in the 
papers of P, A. Rebinder and his school [1-3]. Corrosion cracking is observed in many materials (metals [4], 
glasses [3], and plastics (5]) and is especially marked in rubbers which have been attacked by ozone [6, 7} The 
present work aimed at disclosing other instances of corrosion cracking in rubbers, where determination could 
be made of the role of the chemical activity of the aggressive agent, its diffusibility and adsorbability. The 
working specimens were so chosen as to have the same thickness after extension. The relative error in the de- 
termination of the life (T) of 20 specimens amounted to 4% 


Analysis of the results indicates that cracking will occur in a rubber wheninteraction with the aggressor re~ 
sults in a pronounced breakdown of the elements of the space lattice. Processes of this kind are known to oc- 
cur in reactions between: ozone and unsaturated rubbers; HCl and HF, and polydimethylsiloxyl] rubber (SKT 
(8] ); NagS and HCl, solutions and thiokol which has been prepared from dichloroethylformal [9]; HNO, and 
polyisobutylene [10]; and acids and vulcanizates of carboxyl-containing rubbers [11} Corrosion cracking * 
of the deformed specimen is observed in each of these cases, and in the action of nitrogen dioxide on polychloro- 
prene, as well, the external picture being approximately the same in every instance (Fig. 1), On the other hand, 
it is known that the attack of NK, SKB and SKS by such agents as Br, and HC! is principally through reactions of 
combination and displacement. In these systems, cracking is not observed [6]. 


The effect of deformation on the rupture time. In the system SKT - HCl (gas), polychloroprene = nitro- 
gen dioxide, and carboxyl rubber — HCl (gas)(see Fig. 2), the rupture time passes through a minimum (in the 
region of critical deformation, € ,,) as the deformation increases, and then increases toward a definite limit 
as the deformation continued to rise. This is the same relation as has been observed earlier in the ozone crack- 
ing of practically all rubbers [12, 13], More detailed investigations on a vulcanizate of the carboxyl-contain- 
ing rubber SK~1-30 (5 parts per weight of MgO, and 2 parts per weight of stearin, per 100 parts of rubber) have 
made it possible to test the effects of various aggressive agents which react with different structural elements 
(ozone attacks the double bonds of the polymer, and acids, the cross-linkages) and to determine the effect of 
differences in the dissociation constants, and the adsorptional and diffusional properties of the acids relative 
to the polymer. 


A comparison of € ¢, values for the action of various aggressors on SK=1-30 rubber (Fig. 2) show this 
quantity to be displaced toward higher deformations (about 90%) under the action of HCl, or CHyCOOH, than 
is the case for actionunder Og (about 40%). On the basis of our interpretation of the phenomenon of critical 
deformation,**these facts would indicate that the disorientation of the polymer in the fissure opening under 


*The divinylnitrylacrylcarboxyl vulcanizate is an exception, 
* *The existence of €., is to be explained as resulting from the fact that the strengthening of the rubber by 
orientation in the fissure openings predominates (at €,,, and above) over the destructive action of the stress [12]. 


rupture of the cross-linkages (action of HCl) is more extensive than is the destruction of the molecules along 
bonds under the action of Os. 


Fig. 1. The external appearance of rubbers after corrosion cracking in various 
media: a) "Nairite™ in nitrogen dioxide, b) SKT in HCl; c) butyl in HNOs; d) 
thiokol in NaOH; e) SKS-30 in Os; f) SKS-50K in CHsCOOH. 


The effect of the concentration of the aggressive agent on the rupture time. For a vulcanizate of SK-1-30 


in HCl, or in CHsCOOH, this relation is the same as in the ozone cracking of rubber [7, 14], i.e., T= a. 
the position of €,, being independent of the concentration of the aggressive agent in both cases [14] 
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Fig. 2, a) Relation between the rupture time and the deformation of SK- 
1-30 rubber under the action of O3, and HCl, the time being expressed as 
the percentage of the time for rupture of a rubber which had been elongated 
by 70%; b) relation between the rupture time and the deformation of 
polychloroprene rubber under the action of NOg, and Og, the time being ex- 
pressed as the percentage of the time for rupture of a rubber which had been 
elongated by 60%, 


The established rules concerning the effects of deformation and Og, concentration, and the displacement of 
€ cr inte the region of higher deformation when orientation is hindered [12, 13], all point to a similarity in the 
corrosion cracking of rubber under the action of various aggressive agents, Analysis of the experimental data 
also shows that there are a number of relations which apply to both corrosion cracking and static fatigue of 
rubbers, metals, and other bodies [7, 20]. Thus, there is a similarity in the time dependence of the strength (at 
€ < €¢,) [3, 12, 15-17], in the kinetics of rupture [18, 19], and in the concentration dependence of the life 
of metals [17], and rubbers [7, 14]. 


94 


"| 

a b 

140 

120 \ 

100 x 

wt 

80 

ne 


The effect of the dissociation constant of the acid. Test was made of two pairs of acids having the same 
molecular weights (this excluding diffusional effects) and different dissociation constants: a-chloracetic (K = 
= 14+ 1074 and isovaleric (K = 0.15 + 1074); pyruvic (K = 32° 1074) and butyric (K = 0.15 ° 10°4, The follow- 
ing values were obtained for the rupture times of SK=1-30 mbber: in a C,H,OH solution, 7 mM/liter, 12 
minutes foi a-chloracetic acid, and 64 minutes for isovaleric acid; in a n~C,HgOH solution, 28 mM/liter, 
65 minutes for pyruvic acid, and 115 minutes for butyric acid. The fact that the rupture time decreases with 
an increase in the dissociation constant of the acid indicates that the rate of corrosion cracking undoubtedly 
rises as the strength of the acid increases. 


TABLE 1 


Rupture Times for Rubbers in Acid Solutions, 
and in Acid Vapors 


#|Rupture time 
Aggressive (min) 

agent i ~ jin 

8 in solu gaseous 
tion phase 
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SK=1-30 rubber (or SKT) No. C atoms 


aon tesa Fig. 3. The relation between the rupture 
CH COOH 12 time of a SK-1-30 rubber in acid solutions 
34 ‘ and the number of carbon atoms per acid 


298 molecule, 


4 naar OT 97 The role of adsorption. In order to understand 


HNOs 11 the role of adsorption, corrosion cracking was studied 

sK=1+30 rubber (or SKT) in aqueous solutions of acids HNO), 
HCI | 2,4 |S 2days} 20 in aqueous, and in alco olic solutions o fatty acids 0 

a homologous series, and in vaporized acids. In Fig. 3 

there are shown the results of experiments which were 
carried out on SK-1-30 rubber in ethyl alcohol solu- 
tions of acids (2.4 mM/liter) at 50°, From this figure, it is clear that there is a marked increase in the reac- 
tion velocity (i,e., a decrease in T) on passing from acetic to propionic and butyric acids; T remains practical- 
ly constant on going to the higher members of this series. When it is considered that the value of the dissociation 
constant is essentially the same for all of these acids (K = 0.15 - 10°), and that the diffusion rate diminishes 
on going to the higher members of the series, it then becomes clear that an increase in the rate of cracking 


could only be due to a rise in the adsorption of the acid on the rubber, with an accompanying diminution in 
the strength of the latter [1, 20} 


The relative roles of the strength, and adsorbability (wetting), of the acid. In treating this problem, ex- 
periments were carried out with acids of markedly different chemical activity (acetic and butyric acids being 
compared with hydrochloric and nitric acids), other comparative experiments being set up with acids in the 
vaporous form and in aqueous solution (Table 1), From Table 1, it is to be seen that the rate of cracking of 
SK~1-30 is greater in HCl vapors than it is in the vapors of acetic or butyric acid; in an aqueous solution of 
butyric acid the process proceeds at the same rate as in vapors of same concentration; in a CHsCOOH solution 
the rate is appreciably less than in the vapors; and, in a HCl solution, the rate is markedly lowered in com- 
parison with its value in the vapors, These results can be explained by the fact that water hydrates an acid, 
and impedes its adsorption on the rubber surface. The hydration of HCl is especially strong, and it is for this 
reason that this acid acts more slowly than acetic acid, even though it has a much higher activity. The in- 
troduction of a wetting agent in the form of 1% OT aerosol (odium dioctyl-sulfosuccinate) enhances the action 
of HCl. HCl proves to be more aggressive inthe gaseous phase, where there is no hydration, than in aqueous 
solution, whereas acids of the same strength (acetic and butyric) have the same activity under these conditions, 


The rate of interaction of SK-1-30 is greater with HNOg than it is with HCl, this being due to the oxidiz- 
ing action which makes the rubber hydrophilic and much easier to wet. Thus, in terms of decreasing rate of 


120 
( 
HCl 


corrosion cracking, the aqueous solutions of the acids can be arranged in the sequence; butyric ¥ acetic » 
nitric > hydrochloric; in acid vapors, the sequence is different: hydrochloric > acetic > butyric. 


From this it follows that the rate of corrosion cracking of rubber is not determined by the stress and 
the concentration of the aggressive agent alone, the activity of the aggressor and itsadsorbability being other 
significant factors. 
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THE CHEMICAL MODIFICATION OF ADSORBENT SURFACES AND ITS 
EFFECT ON THE ADSORPTIONAL CHARACTERISTICS 


A. V. Kiselev, N. Kovaléva, Ay Ya. Korolev and K. D. 
Shcherbakova*® 


(Presented by Academician M. M. Dubinin, September 6, 1958) 


Until recently, the alteration and improvement of the characteristics of an adsorbent has been achieved 
by increasing the porosity, i.e., by modification of the geometrical structure of the adsorbent. This line of de- 
velopment culminated in the production of charcoal, xeronic gels, and porous crystals (molecular sieves) of high 
activity, Recently, it has become clear that profound alterations in the characteristics of adsorbents can be 
brought about by the chemical modification of their surfaces [1, 2]. The nature of the surface exercises a 
profound influence on the behavior of an adsorbent or catalyst and frequently determines the fundamental physico- 
mechanical] properties of such substances as filled rubbers and plastics, lacquer coloring materials, lubricating 
greases, and others, as well. Work in the field of the chemistry of surfaces has been almost entirely limited to 
the study of the existing natural and synthetic adsorbents, and very simple reactions such as dehydration [1], 
have been carried out on these surfaces, It is possible to regulate the characteristics of adsorbents by carrying 
out the most varied of chemical reactionson their surfaces, thus forming dispersed materials and other sub- 
stances having the requisite properties. 


The present communication will consider the modification of the adsorptional characteristics of siliceous 
substances and graphitic bodies. In recent years, siliceous materials have been used in carrying out reactions 
of alkylation, and, in particular, methoxylation [3-11], chlorination [8], fluorination{12, 13], and reactions with 
alkyl chlorosilanes [14-17]. There is also indication that the sutface properties of carbon black can be altered 
through chemical] treatment [18], especially with oxidizing agents in aqueous solution [19-22], The present 
work has dealt with aerosil, a highly dispersed silica, and a channel Ukhtinian carbon black. Modification 
was undertaken with the aim of rendering the silica hydrophobic and the carbon black hydrophilic. 


Modification of silica. Hydrated silica surfaces are good adsorbents of polar substances. Through reac- 
tions with silicoorganic compounds, it is possible to bring about fundamental surface alterations which tend 
to give stable hydrophobic properties to these surfaces, a fact which is of interest in connection with the use 
of silica as a filler of polymeric materials and a thickener for lubricants. Modification was carried out by com- 
bining the hydroxyls of the silica with trimethylchlorosilane according to the reaction; 


| | 
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*With the participation of I. Yu. Babkin and G, M. Lyulina. 
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The aerosil, with a surface area of approximately 150 m?/ g, Was treated with saturated vapors of trimethyl- 
chlorosilane, or with a solution of the latter in benzene, for 8 days at 20°. Prior to the adsorption experiments, 


both the initial and the modified specimens were evacuated in the adsorption system at 200°. 


The greatest difference was observed in the isotherms for water vapors. As is to be seen from Fig. 1, the 
isotherm for the adsorption of water vapors on the original specimen with hydrated surface had the form which 
is characteristic of the polymolecular adsorption of a strongly adsorbing substance with capillary condensation 
in the fissures between the aerosi] particles. On the modified specimen, the adsorption of these same vapors 
was only one tenth as large. On the modified specimen, the adsorption isotherm for water vapors was reversi- 
ble and remained unaltered even after extended contact (several months) with water, a fact which pointed to the 
stability of the surface compound which had been formed, The isotherm was concave, as is characteristic of those 
cases in which there is a weak interaction between the absorbent and the adsorbate [23]. On the surface of the 
modified specimen, the formation of a dense monolayer of adsorbed water molecules capable of completely 
eliminating the capillary condensation in the fissures between the particles was not observed even when p/p, 1. 
There was absolutely no wetting of the modified specimen by the water. 
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the solid points being for desorption. 


Modification of carbon black. The amount of oxygen whichis contained in a carbon black fixes its ad- 
sorptiona] characteristics with regard to many adsorbates, especially polar ones, Modification of the channel 
black was carried out with the view of furthering the graphitization and increasing the oxidation. Calcination 
at temperatures above 1500° markedly diminishes the adsorption of vapors of water, methanol, ammonia, methyl- 
amine, sulfur dioxide, and other polar substances by breaking down the acid surface compounds and inducing the 
growth of graphite crystals (chemical and crystallochemical modification) [23], Thermal treatment, particularly 
above 2500°. makes the surface of the carbon black more uniform, and diminishes the adsorption of nonpolar 


Fig. 1. Adsorption isotherms for water vapor on 
aerosils; 1) specimen with hydrated surface; 2) 
specimen with surface modified through reaction 
with trimethylchlorosilane. The various point de- 
signations refer to different series of experiments, 
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Fig. 2. Adsorption isotherms for water vapor on 
carbon black: 1) original specimen, evacuated 
at 25; 2) the same, evacuated at 200°; 3) oxid- 
ized specimen, evacuated at 25°; 4) the same, 
evacuated at 200°; 5) oxidized specimen, evacu- 
ated at 25° after a second series of measurements; 
6) the same, after a second evacuation at 200°; 7) 
specimen treated at 1700° in a current of hydrogen. 
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substances in the region of low values of p/ P, (23, 24} Such treatment also makes the hydrophobic nature of 
the carbon black more pronounced. 


Increasing the affinity of the carbon black for polar substances in general, and for water, in particular, 
is of practical interest in connection with colored printing inks [22], in the strengthening of rubber in latex 
(25], in the production of emulsified black coloring agents and india ink, as well as in other fields. In the 
present work, the oxidation of the carbon black was brought about by sodium hypochlorite. There was an ac- 
companying evolution of gas and a heating of the suspension to 75°. Neutralization was carried out with hydro- 
chloric acid after the reaction was completed and the carbon black suspension had been cooled. As a result, 
the pH of the carbon black suspension, measured against a glass electrode, fell to 3.75. The suspension was 
then filtered and the precipitate washed with distilled water until the carbon biack began to pass through the 


filter as a result of the removal of electrolytes, The carbon black was dried, first at room temperature, and 
then at 100°. 


The oxidizing treatment was continued until there was a marked alteration in the surface, and in the 
chemical and colloidal properties of the carbon black. An increase was observed in the amount of chemical- 
ly bound oxygen (from 4.1 to 17.3%), and in the amount of volatile materials, The content of carboxyl and 
hydroxyl (phenol) groups was much higher in the modified carbon black than in the original material. Such 
modification profoundly altered the adsorptive properties of the carbon black. There was an improvement in 
the bonding between the particles of the carbon black and the molecules of the polar medium in technically 
important colloidal systems, the carbon black showing an unusually pronounced ability to disperse in water to 
form very fine suspensions which gave a clear-cut Tyndall effect. 


The modification of the carbon black sharply altered the adsorption of water vapors. In Fig, 2 there 
are shown isotherms for the adsorption of water vapors on the original, the oxidized, and the graphitized, speci- 
mens of the carbon black. Prior to each experiment, the specimens were evacuated at 25° and at 200°. For 
the original specimen, the isothermhad the usual form, being concave over the initial segment and showing 
two points of inflection. The adsorption and the desorption curves coincided. On the other hand, the isotherm 
for the oxidized specimen was convex, even at low values of the relative pressure, and rose quite steeply. Fur- 
ther on, this isotherm passed through a first inflection point at p/p, * 0.35 and then rose sharply, once more. 
The isotherms for desorption fell above those for adsorption,*® at all values of p/p, After the desorption meas- 
urements and evacuation for 10 hours at 25°, the water was still not completely removed from the specimen, 
a part of it (1.6 mmoles/g) remaining bound to the surface of the carbon black. A second series of measure- 
ments was carried out after evacuation at 200°. Both the adsorption and the desorption curves coincided with 
the corresponding curves of the first series of measurements. After evacuation for 2 days at 25°, a part of this 
water (1.05 mmoles/g) also remained bound to the surface. This water could not be removed by further evacua- 
tion in the cold. A subsequently developed third adsorption curve (without heating to 200°) coincided with the 
desorption curve up to p/p, 0.46 (reversibly and physically adsorbed water), following which it fell below 
the desorption curve and, from p/p, * 0.7 on coincided with the desorption curve for the second series of meas- 
urements, The desorption curve for the third series of measurements coincided with the desorption curves for 
the first and second series. Once more, a part of the water remained bound with the surface of the carbon 


black after evacuation for 12 hours in the cold. The water was completely removed only after evacuation for 
18 hours at 100°. 


Complex hysteresis of this type is typical of cases involving the superposition of chemisorption (hystere- 
sis at low values of p/ps, firm binding of water without heating) and capillary condensation (hysteresis at 
high values of p/ pg, third series of measurements after hydration without subsequent removal of the chemisorb- 
ed water). It is clear that the action of the oxidizing agent led, first, to a strong oxidation of the external sur- 
faces of the crystallites which formed the particles of the carbon black, this change occurring principally at the 
junction postions of ihe hydrocarbon radicals which had not been decomposed in the formation of the carbon 
black, and, second, to a penetration of a portion of the oxygen into a space between the crystallites, or even 
into the space between the layers. This last statement is supported by a certain similarity between the experi- 


*Up to p/ Pp, * 0.6, equilibrium was established in 3-4 hours, both in adsorption and in desorption; beginning 
with p/p, * 0.6, at least 10-12 hours were requiredto reach equilibrium. 


ti‘ 


mentally developed isotherms and the isotherm for the adsorption of water vapor on oxidized graphite. It is 
likely that the irreversibly adsorbed water was taken up through chemical adsorption and that it hydrated the 
surface oxides, penetrating the spaces between the crystallites and, possibly, between the graphite layers as 
well through the oxidized positions. The reproducible hysteresis in the region of high p/p, values could have 
been due to the capillary condensation of water vapors in the fissures between the particles of the carbon black, 
or, possibly, in the fissures which were formed between the crystallites during oxidation. This last must, how- 
ever, have been of minor importance, since the adsorption of nitrogen was not increased as the result of modi- 
fication, Further work is needed to fix the details of this description. 


A comparison of the isotherms of Fig. 2 for the various specimens of carbon black shows that thermal 
treatment and the liquid phase oxidation can so markedly modify a carbon black that the adsorption of water 
vapors on it is altered by many fold. 


These measurements point to the importance, and the practical value of the modification of adsorbents 
by surface chemical reactions, By covalent linking of various radicals to adsorbent surfaces, it becomes possi- 
ble to prepare materials which differ in their surface properties and on these radicals various organic and 
heteroorganic reactions can then be carried out. As a result, the surfaces of stable adsorbents of favorable 
geometrical] structure can be rendered good fillers or selective adsorbents, or even rendered capable of carry- 
ing on exactly determined processes of separation and catalysis, 
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A POLARIZATION MECHANISM OF THE SUPPRESSION OF STRUCTURAL 
ETCHING DURING ELECTROCHEMICAL POLISHING 


Krichmiar 
The Dneprodzerzhinskii Nitrogen Fertilizer 
(Presented by Academician A. N. Frumkin, September 2, 1958) 


At the present time, electrochemical polishing is considered to involve a leveling out the microrelief 
of the metal under the action of various factors. Quantitative investigations have shown, for example, that 
the smoothing out which takes place in electrochemical polishing can result either from concentration polar- 
ization [1, 2] or from the effect of the curvature of the microrelief [3]. Despite the fact that satisfactory ex- 
perimental confirmation of derived relations has been obtained in certain instances [1, 2, 3] (and this is un- 
doubtedly the most convincing argument in favor of the correctness of the basic theoretical concepts), careful 
study shows the assumptions lying behind this quantitative work to contain no special features which would dis- 
tinguish electropolishing from ordinary anodic dissolution. Thus, it is known that the most characteristic in- 
stances of polishing ( the dissolution of copper, and its alloys, zinc, etc.) are those which occur in the region 
of the limiting current. But, although the quantitative calculations have been confirmed in this region, they 
clearly retain their validity for lower values of the current density as well. Accordingly, the smoothing process 
should also be possible at these lower values. Metal etching comes to the fore at low current densities, how- 
ever, and this, in many cases, considerably complicates the picture. 


By way of example, aphotomicrograph is shown in Fig, 1, to illustrate the removal of traces of mechani- 
cal treatment in copper by chemical dissolution in 15% HNO. Another example (see Fig. 2) is seen in the dis- 
solution of a stainless steel, EYa-IT, in aqua regia at 70°, Measured in a Linnik stereoscopic microscope, the 
height of the original protrusions was 2-5 and the final height, 0.5-1 #. These examples make it clear that 
the removal of traces of mechanical treatment occurs not only in electrochemical dissolution, but in ordinary 


chemical dissolution, as well. These cases differ from electropolishing in that structural etching does not arise, 
and the quality of the surface is not, as a rule, improved. 


On the basis of what has been said, it can be concluded that the suppression of structural etching is the 
most outstanding characteristic of electrochemical polishing. Together with the smoothing, this gives the most 
complete characterization of the process. But although the conditions for smoothing are realized in almost 
every case of anodic dissolution, the suppression of etching occurs only in electropolishing. 


The formation of complex compounds in many instances of electrochemical polishing [6], and the high 
viscosity of the electrolytes which are employed, both indicate that through the formation of these complexes, 
and stable supersaturated solutions, there arise those conditions which favor a considerable increase in the solu- 
bility of themetal,up to complete exhaustion of the activity of the electrolyte. This claim is supported by 
the fact that the characteristic volt — ampere curves are, in many instances of electropolishing, those showing 
a limiting current region at the beginning of the polishing range [7, 8]. 


Jt has been noted in [5] that thesuppression of etching during electrochemical polishing under concentra- 
tion polarization is associated with a conformity in the region of the limiting current of the separate volt - 
ampere characteristics for the structural elements of the surface. In this connection, study will be made of the 
potentials of the anode, and its separate components, and their relation to the polarization current. Since the 


| 


theory of concentrated electrolytes has been only imperfectly developed, consideration will be limited here 

to the crude approximation of the dissolution of a metal in a dilute solution of a strong acid (for example, iron 
in hydrochloric acid, etc.). Since the salt of the type Me, Ay which is formed in the course of the reaction is 

. but poorly dissociated, its dissociation constant can be represented as; 


YmtYa- Cy+Ch- 


(1) 


ama YMA Cua 


aA~, aygt, and a), , being respectively, the activities of the anion, the cation, and the salt: ya-, y,¢, and 


YMA, their respective activity coefficients; C,-, Cygr, and Ca: the respective concentrations; and x and 
y, the stoichiometric coefficients, 


It is, at the outset, possible to replace C An in(1) by C,, the concentration of the acid, since the acid 
is strong and the salt poorly dissociated. 


It is then clear that Cg is equal to the difference between the initial acid concentration, Cy, and the 
concentration of the acid which has been expended in the formation of the salt (Cg;); i.e., 


=Cy—4Cy (2) 


(Cy, is here the concentration of the metal in the solution). 


Finally, the concentration of the salt in the solution, Cua: can be replaced by the total concentration 
of the metal in solution, C),. Imposing these changes on (1), taking (2) in account, and solving the resulting 
equation for ay¢+, there is obtained: ; 


Y KC 1/x 
am+ = | M (3) 


ve (c, Gy) 


Since the reaction product is but weakly dissociated, the current density at the anode will be essentially 
determined by the diffusion of the reaction products into the body of the solution: 


j=nFD—M, (4) 
here n is the valence of the metallic ion: D is the effective coefficient of diffusion of the reaction products; 
6 is the effective depth of the diffusion layer, and i is the current density. The concentration of the metal in 
solution at the anode cannot be greater than (x/y) Cg, which is the concentration which the metal would 
have if all of the acid were to be expended in forming the compound, Thus, a limiting current 


= A... 
lo nFD = 3 


will arise when Cy = (x/y) Cy. 


The anode potential is equal to 


° RT 
e=e,+ am+. 


Introducing the value of a)4+ from (3), and taking (4) and (5) into account, there is obtained 


fin + In |. 
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Fig. 1. The smoothing out of irregularities left in the microrelief by mechanical work- 
ing; the case of the dissolving of copper by 15% nitric acid: a) before dissolution, b) 
after 3 minutes, c) after 6 minutes. 140 X. 


Fig. 2. The smoothing out of irregularities left in the microrelief by mech- 
anical working; the case of the dissolving of EYa-1T steel by aqua regia: a) 
before dissolution, b) after 5 minutes of dissolution, 280 x. 


Fig. 3, The relation between e Fig. 4. Photomicrographs of a specimen of copper which was electro- 
and i, (1); and bet ween v and polished and then subjected to 6 minutes of dissolution in 7.5 M 

i, (2). Section ob is the region HgPO, at various current densities, ig = 0.04 amp/ cm’; 1)i=0; 2) 

of etching, and be, is the re- i= 0.2i9; 3) i= 0.5i9; 4) i = 0.8i9. 

gion of the suppression of etching, 
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where @ is a constant combining the standard electrode potential and other constants, Unfortunately, an experi- 
mental test of (7) is rendered difficult by the absence of trustworthy data onthe y, C relation. Analysis of (17) 
shows the variation of potential with current density to be of the type which is shown in Fig. 3, i.e., of the type 
which is actually observed in many cases. 


We will now consider the behavior of two sections of the anode having different normal potentials, ey; and 
€2 Opposite each of these sections, the potentia] drop in the bath is the same and we will therefore have, ac- 
cording to (7) 


RT T lg YMA; 


where e. is the cathode potential, or 


RT in — ig\v i 
Aey = —> In 4-In|—*} ——}- b 

y varies more slowly with the potential than does the concentration, so that when account is taken of the 
smallness of the value of Aeg it becomes possible, in a first approximation, to neglect the second member of 
(8a) in comparison with the first. Introducing the notation Ai = iy — ig, and substituting into (8b), there is ob- 
tained 


[In(t-+ —yin(1 — )}. (9) 


Decomposing this result into a series and neglecting members of higher order, we have 


xnF ty (ig — ty) 


(10) 


It is clear that the difference between the rates of dissolution (the rate of etching) will be equal to 


MAi 


Substituting the expression for Ai from (10), there results 


Mx (ig — 


PRT ig + —1) 


(12) 


This function has a maximum at the value 


im iy/(1 + Vy). 


Here the rate of etching will be 


Mx 


ORT 


(14) 


(8a) 

4 
= 

(1g) 
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On the other hand, an analysis of expressions (9) and (10) shows the rate of etching to tend to zero as 
i +0, and asi-rig. Fora 1-1 electrolyte, the rate of etching varies with the value of the current density 
in the manner shown by Fig. 3, 2(see also Fig. 4). From the preceding equations, it is to be seen that when 
the current density is considerably less than the limiting value (from what has gone before, this situation is 
seen to arise from an exhaustion of the acid anions at the electrode surface), the rate of etching will at first 
increase with increasing current. This is the effect which is met in the usual anodic etching, where even an 
insignificant accumulation of salt in solution at the anode surface leads to a precipitation of a solid phase, and 
a further rise in the current results in the initiation of a number of new processes which make for complexities 
in the polarization curve. It follows from (13) that the rate of etching can increase to the value i,,, = ig/(1 + 
+ vy). Further increase in the current density once more results in a diminution of the rate of etching and the 
suppression of etching is complete when the limiting current is reached (see Fig. 4). 


It is thus possible that the suppression of etching results, in many cases, from a considerable depletion of 
the electrolyte anions in the layer adjacent ot the anode through formation of supersaturated solutions and com- 
plexes. Electropolishing can be realized only when the conditions are such that etching is suppressed. 


The polarization theory which has been outlined represents only one of the possible mechanisms for the 
suppression of etching. The possibility is not to be excluded that suppression can arise from other factors such 
as the existence of a thin amorphous layer of solid salt, or an oxide film. Some aspects of this question have 
been considered in [15]. 
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THE EFFECT OF VARIOUS FACTORS ON THE MAGNITUDE OF THE 
SPECIFIC SURFACE AND THE POROSITY OF CHROMATE 
CATALYSTS 


T. V. Rode and A. E. Agronomov 


The N. S. Kurnakov Institute of General and Inorganic Chemistry of the Academy of 
Sciences of the USSR 


(Presented by Academician A. A. Balandin, September 24, 1958) 


The effect of the method of synthesis of chromic oxide catalysts on their catalytic activity with respect 
to two reactions has been investigated in a paper by one of us [1]. In the present work, study has been made of 
the effect of the method of synthesis on the magnitude of the specific surface, and the formation and dimensions 
of pores. For this purpose, isotherms were developed for the adsorption of benzene at 0°, this work being carried 
out in a high vacuum system by a method of direct weighing. The benzene which was used had been carefully 
freed from thiophene, moisture, and dissolved air, and had a boiling-point of 79.7-80° (at 755 mm of Hg) and 
a nb value of 1.5035, The catalyst specimens were held in vacuum (at 250°) to constant weight. The weight 
variation resulting from sorption was measured with an accuracy of 1 10° g. The specific surfaces were de- 
termined from the adsorption isotherms by applying the BET method over the interval of relative pressures, p/ pg, 
from 0.1 to 0.3. The area occupied by the benzene molecule was assumed to be equal to 46.5 A?[3}] The dis- 
tribution of the pore radii was developed from the desorption branch of the isotherm using the equation 


20 
RT In > - — [4], where p /p, is the relative pressure, o is the surface tension of the benzene at 0, 


vm is the molar volume of the benzene, and r is the pore radius, in angstroms, 


The methods of synthesis of the tested catalysts are shown in Table 1, and the experimental results, in 
Table 2 


It is a characteristic of the hydrated chromic oxide from which these chromate catalysts were prepared 
that it appears in two forms; a greyish blue and a dark yellow which on pressing and drying gives black cylin- 
ders fracturing along glossy conchoidal surfaces. These are not different crystalline modifications, since each 
proves to amorphous when subject to x-ray examination [1}, 


The form of hydroxide which is obtained depends only on the rate at which precipitation takes place; 
with rapid mixing of concentrated solutions, a greyish blue precipitate is formed immediately, whereas a very 
gradual, drop-wise addition of the precipitant to a dilute solution of chromium salt yields a soluble, basic 
chromic salt at the point of entry of the drop, this salt dissolving to later precipitate on further addition of the 
precipitant as a dark yellow chromium hydroxide of special properties. Kohlschiitter [5] refers to the blue hydrox- 
ide as being “discretely dispersed" and the black, as being “compactly dispersed", and considers that particles 
of the latter are bound only along the edges and at the corners. 


The present investigation has indicated that the factors responsible for the differences in the colors and 
properties of the two forms of the hydroxide lead to high porosity in the catalysts formed from dehydration of 
the black hydroxide and to a lack of pores in those catalysts which come from the blue form. By way of ex- 
ample, Fig. 1, I gives the adsorption isotherm for specimen 26 which had been obtained by dehydration of the 
blue hydroxide and Fig. 1, Il, the isotherm for a specimen obtained from dehydration of the black hydroxide. 


The desorption branches, b, pointto the lack of pores in specimen 26 (the sorption curve a, and the desorption 
curve b practically coincide) and the presence of pores in specimen 27 (the a and b curves form a wide hystere- 
sisloop). The adsorption isotherms for specimens 7 and 23, which had also been obtained from the blue hydrox- 
ide, were similar to that for specimen 26, while the isotherms for specimens 4,5 and $7, which came from the 
black hydroxide were similar to the isotherm for specimen 27. In order to retard the true aggregation of particles 


TABLE 1 


Normal Precipitation Activation in Hy 
conc. 0 ration, 
4 solution rate temp. ,in°C 
4 NaOH 0,1 20 Slowly, dropwise 450 2 
4a| NaOH 0,1 20 The same 450 8 
4b NaOH 0,4 20 The same 525 2 
5 NaOH 0,1 20 The same 450 6 
7 NaOH 2 20 Rapidly 450 6 
23 NH,OH 2 80 The same 450 6 
26 NH,OH 2 20 The same 450 6 
27 NH,OH 0,4 20 Slowly, dropwise 450 6 
37%* NH,OH 0,1 20 The same 450 6 


By thermal decomposition of ammonium dichromate 


*Initial solution, chromic nitrate. 
**Precipitated in the presence of the reaction products (NH4NO)). 


during precipitation of the hydroxide, specimen 37 was synthesized in the presence of the reaction product 
(chromic nitrate). After activation, the pore dimensions, the maximum in the distribution of pore volumes, 

the value of the specific surface, and the catalytic activity [1] were all greater for specimen 37 than for speci- 
men 27 (see Table 2). 


TABLE 2 


Specific Max, inthe | Total ben- 
No. of surface, in | Pore radii, in A distrib. of pe ba Volume wt. 
specimen | m2/g pore vol. sorbed at of specimen, 
over radii, | saturation, | ;, g 
mmoles/g 
4 70 20 — 40 31 4,4 10,36 
4a 25 Small number of ow 1,0 ree 
coarse pores 
46 30 The same 4,2 
5 75 18 — 36 32 1,6 9,81 
7 125 Nonporous -- 2,4 3,48 
23 140 Nonporous nee 3,4 5,23 
26 200 Nonporous -- 3,1 5,60 
27 70 27 — 38 34 1,7 10,77 
37 95 35 — 100 70 3,6 10,67 
42 135 Nonporous -- 1,9 1,08 


Judging from the desorption branch of its isotherm, specimen 42, which had been obtained by heating 
ammonium dichromate, was also nonporous, The high value of the volume weight of the powder is noteworthy, 


The possibility of varying the specimen color from greyish blue to dark yellow by altering the rate of 
precipitation is readily explained in terms of differences in the porosity. 
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A comparison of the effects of various factors on the properties of chromate catalysts must be limited to 
specimens which have been obtained from the same form of the hydroxide. 


Extensive investigations are needed to bring out the effect of the initial materials on the properties of the 
resulting catalyst, but the studies which have already been made indicate that the precipitant (NaOH in the case 
of specimens 4 and 5, and NH,OH in the case of specimen 27) was without measurable significance in fixing 
the properties of specimens obtained from the black hydroxide. Here the surface area was practically the same 

for each specimen (70-75 m?/g), the pore radii varied 

mmole /g within the limits 20-40 A, and there was approximate 
constancy in the maximum in the distribution of the 
pore volume, the total amount of benzene adsorbed at 
saturation, and the powder volume weight (see Table 
2). The properties of specimen 37 were somewhat 
different, but this is to be explained by the details of 
its synthesis (see above). 


The situation isdifferent with specimens which 
have been prepared from the blue hydroxide. The 
vahies of the specific surface, the total amount of 
benzene adsorbed at saturation, and the powder vol= 
ume weight were all greater in specimen 26 which 
had been prepared from a hydroxide precipitated with 
ammonia than they were with specimen 7 which had 
been obtained from a hydroxide precipitated with 
NaOH (see Table 2). 


1 In order to bring out the effect of the tempera- 
G2 ad 46 98 $0 ture and diration of activation, various specimens of 
Lp, Tan the black hydroxide were subjected to activation at 
450° for 2 hours (specimen 4), and for 8 hours (speci- 
men 4a), and at 525° for 2 hours (specimen 4b). In- 
creasing the time of heating at 450° from 2 to 8 hours 
ledto a.diminution of the specific area from 70 to 25 
m?/g and resulted in an almost complete disappearance of the pores; the total amount of benzene adsorbed at 
saturation fell from 1.4 to 1.0 m moles/g. Similar effects accompanied a rise in the activation temperature 
from 450 to 525° (specimen 4b). In this case, the specific surface fell from 70 to 30 m¥/ g, and the amount of 
benzene adsorbed at saturation decreased from 1.4 to 1.2 m moles/g (see Table 2). In addition, this specimen 
had only a small number of coarse pores. 


Fig. 1. Adsorption isotherms for benzene vapors at 0; 
D for specimen 26, I) for specimen 27. a) adsorp- 
tion branch of isotherm, b) desorption branch. 


In order to elucidate the effect of the aging of a hydroxide on the properties of a catalyst obtained from 
it, specimen 23 was synthesized from solutions which were heated to 80°, and activation was carried out 2 
years afterward. The remaining details of the preparation of 23 were similar to those for the preparation of 
specimen 26 (see Table 1). The adsorptionisotherms for the twospecimens showed that the aging of the hydrox- 
ide, and the supplementary elevation of the temperature of precipitation had diminished the specific surface 
and the powder volume weight (see Table 2). 
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THE ISOTOPIC EXCHANGE BETWEEN CO AND cd, ON VARIOUS 
SURFACES 


S. S. Stroeva, N. V. Kul*kova and M. I. Temkin 


The L. Ya, Karpov Scientific Research Institute for Physical Chemistry 
(Presented by Academician S. S. Medvedev, September 29, 1958) 


The theory of the catalytic activity of surfaces must assume simpler form in the reactions of isotopic ex- 
change than in other heterogeneous catalytic processes [1]. For this reason investigation has been made of the 
rate of exchange of atomic oxygen between CO and CO, on various surfaces. The kinetics of this exchange on 
FesO, has been studied earlier with the aid of tagged oxygen [2}, From this earlier work the conclusion was 
drawn that this reaction proceeds through a simpler two-step mechanism involving the participation of oxy- 
gen atoms from the catalyst surface, Radiocarbon, C™, was employed for following the oxygen exchange in 
the present work. In this way the reaction 


CMO, + CO = CMO + CO, (1) 


was observed. To this reaction there corresponds the two-step scheme: 


CMO, + = (0), (2) 
CO + (O) = COzg + ( ). (3) 


Here, (O) represents a surface oxygen atom, and ( ), a surface position which is free of oxygen. 


If Reaction (1) proceeds in the region of moderate coverage on a surface having a constant degree of in- 
homogeneity with respect to the heat of adsorption of oxygen, i.e., if those conditions are fulfilled under which 
application can be made of a logarithmic isotherm, and if there is a linear relation between the heats of reac- 
tion and the energies of activation of processes (2) and (3) at different surface postions, it is then possible to 
describe the rate of reaction by the equation [1, 2] 


Pco \* 
» = P ‘ ( +) ’ 4 
[Pc O; ( (4) 
in which k® is the rate constant, Poy, is the partial pressure of the Gs etc, and a is the constant of the 
linear relation. In the case of a Fe,0, Katalyst, this equation gives agreement with the experimental data when 
a= 0.5 (2) For this surface, the logarithmic isotherm for oxygen has been indirectly developed [3} 

e 


It can be readily shown from general equations [1] that when Reaction (1) proceeds by this same mech- 
anism on a surface which is poorly covered with oxygen, the rate is to be expressed by: 


Pco, 


@ == (Pcuo, — Pouo P 


) (5) 


Formally, Equations (4) and (5) can be looked upon as special instances of the relation 


| Pay 
[4 CMO, ) c o( } (6) 


which correspond to m = a, and to m = 0, respectively. In a similar manner, the kinetics corresponding to a 
coverage close to surface saturation can be obtained from Equation (6) with m = 1, 


It should be noted that 


= k* (Pcuo, Pcuo ) (7) 


when Poco = Poo, regardless of the value of m; in order to evaluate m, it is necessary to make use of data 
on the relation between the reaction rate and the composition of the gaseous mixture. 


The study of the kinetics of Reaction (1) was carried out in a static system in which circulation was 
achieved by means of a glass electromagnetic pump. In measuring the radioactivity of CO and COx, precipi- 
tated BaCOy was investigated with an end-window counter. Evaluation of the exchange rate constant was 
through the equation: 


In 
t (Pco/Pco, + 1) (Pco,/Peo) S— Reo (Pco/Pco, + 1) (8) 


P 
= 
which follows from (6). Here, S is the total radioactivity of the gas S = Roo, + Poo Roo: Roo, and Roo 


are, respectively, the radioactivities of COg, and of CO, at the end of the experiment; and T is the time of 
contact of the gaseous mixture with the catalyst as determined from the equation Tt = t(W/V). W being the 
volume of the catalyst, V, the volume of the gaseous mixture in the system, reduced to the working tempera- 
ture and t, the duration of the experiment. The constant k is related to the k* of Equation (6) by the rela- 
tion k= pO RTk*, where p is the powder volume weight of the catalyst and o is the specific surface. 


The catalysts employed in these experiments had the form of tablets 2-5 mm in diameter (Ag, Cu, Pt, 
Co, FegQ4, Ni and W),or foils (Ag, Pt, and Ni). The results of the measurements are shown in Table 1. 


Under the experimental conditions which are used with each catalyst except FegO,, the point of equilib- 
rium in the reaction 


CO + MeO = Me + CO, (9) 


was almost fully displaced toward the formation of the metal. The phase composition of the magnetite, FesQ,, 
remained unaltered when Poo, : Poo =2 


Silver, Reaction (1) could not be observed on the tablet-form Ag powder (24 g) over the temperature 
interval 175-350", or on the Ag foil (10.5 g) at 700°. 


Copper. Kinetic measurements were carried out in the temperature interval 250-400° on a copper (3 g) 
which had been obtained by the reduction of CuO by carbon monoxide, If it was assumed that m = 0, the 
value of k was constant under alteration of the total pressure of the gaseous mixture, P = Pog + Pco,, and in- 
dependent of the composition (Table 1). 


Platinum. Experiments were carried out on Pt black (1 g) at 250-300° and on Pt foil (1.89 and 3.7 g) at 
600-740°. On Pt black, (1) is accompanied by the reaction 2 CO = C + COxg, in which the point of equilibrium 
at t < 700° is on the side of the formation of carbon [4]. This reaction does not take place in the absence of 
a catalyst, but it proceeds with appreciable velocity on Ni, Co, Fe [5], and even Pt, as our experiments have 
shown, The carbon which separates out on the Pt black surface diminishes the activity of the catalyst and for 
this reason it was impossible to carry out kinetic measurements. In order to avoid carburization; experiments 
were performed with Pt foil at 700°. 


Cobalt, On cobalt (6 g), Reaction (1) can be observed at 265°, and above. Because of carburization, 
the activity of the catalyst relative to this reaction diminishes, and Kinetic studies were not made. Table 2 
gives the largest of the values obtained for k* on cobalt at 300°. 


Ferrous and ferric oxides. Experiments with FegO, (2.6 g) were carried out at 250-300° with gases in 
which P, Poo > 1. The results of the kinetic measurements confirmed the conclusions which had been 
drawn in Co tt The high value of k in Experiment 29 can be explained by the reduction of the FegO, and the 
high catalytic activity of Fe as compared with magnetite. 
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Nickel, On tablet-form Ni powders (2.5 g), Reaction (1) proceeds with measurable velocity at 200°, 
and above. The activity of the catalyst diminishes because of carburization, For this reason the kinetic meas~ 
urements were carried out on Ni foil (5.12 g) at 700°. 


TABLE 1 


270° 


0,037 : 00246] 0,055 
0/050 3:4] 7:4 0.0260] 0/045 
0/048 3'7 10.0326] 0,046 
0:037 0.0640} 0'064 
0/044 


0,0587| 0,083 
0,014 : 00600] 0085 
0.015 : 00495] 0,070 
0052 0,0400] 0,056 
0/120 0,059 | 0,059 
01225 : 0,061 | 0,064 


foil (1.9 g), 700° i foil, 700° 


0,332 0,595 0,210) 0,073 
1:1 0,332 0,364 | 0,364] 0,364 
135 0,305 0,253 | 0,505] 1,030 


foil (3.7 g) 700° 0,195 |0,545| 1,530 
3,7: 1) 0,153} 0,56 4,90 0,078 | 0,280] 0,960 
5,6 : 0,220) 0,78 4,40 550° 

0, 01180 ,0236|0,0472 


0,362] 1:26 2°52 
0' 12400 ,0825|0,0550 


0,416) 1,73 1,73 
0,416] 2,34 6 | 1,17 0, 2060|0 , 13400 ,0870 


= 


4:4 
4 32,25 
1 :3,66 


Tungsten, Experiments on tungsten were carried out at 550-700°. Under the experimental conditions, 
the W phase showed low stability, Beginning at 550°, isotopic exchange became appreciable, and the formation 
of tungsten carbide commenced at this same temperature. The oxidation of tungsten by carbon dioxide takes 
place at higher temperatures, It was not possible to attain constant catalytic activity, and for this reason the 
kinetics of reaction could only be surmised, 


TABLE 2 


Catalyst | A Reference 


X-ray studies of the catalysts, carried out by N. G. Sevast'yanov at the conclusion of the kinetic meas- 
urements, showed that the iron oxide catalyst had the magnetite structure, that the Ni and Co metals were con- 
taminated with carbon, that small amounts of alloying CuO were to be detected in the copper, and that the 
tungsten catalyst contained a considerable amount of tungsten carbide, WC. 


8 k, sec™! 9 -1 
g k, sec 
}T,sec P,mm| | T,sec 
Cu, 340° Fe30,, 
41] 43] 41:4] 4,98] 0,037) .0,037 0,123 
5} 80] 1:4] 5,84] 0,050} 0.050 0,078 
7] 83] 1:4] 5,96] 0,048) 0,048 0,065 
43] 117] 41:4] 11,44] 0,037! 0,037 0,064 
12| 249] 1:4) 4/93) 0,044] 0,044 | 
| 0,117 
18} 196] 6,26] 0,056] 0,026 0.120 
14| 130] 1:3] 10,86] 0,046] 0.033 0,098 
16| 200/1,5: 4] 5,26] 0,035] 0,045 0,079 
45} 127 8,48} 0,040] 0.073 0,059 
171 190} 5:4] 8,00] 0,045] 0,100 | 0,061 
88 
33| 172 
35 | 265 
Pt 
9| 573 
3| 301 
6| 172 
7/176] 4:4 
8] 1:2 
8 + 
atm |mole 
sec) | | 
Ag 4,2] 0,4 16 (6) 
Cu 0,75| 12,9 2,64 80 () 0 ; 
Pt foil 21,4 *| 0,014 | 10,4 100 (8) 0,5 | 
Co 4,5 | 44,2 114 (°) 
Fes, 1,18] 14,6 | 29.6 125 (8) 0,5 
Ni foil 8,9 *| 0.0045} 1000 | 130 (20) 0.5 
W 3,9} 3,5 0,0029 | 155 (22) 1 
*Density 
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Evaluation of the specific surfaces of the catalysts was made from the low-temperature nitrogen adsorption, 
with the results which are shown in Table 2, 


The experimental data will now be compared with the theoretical conclusions concerning the maximum 
catalytic activity [1] On a surface for which the heat of adsorption is independent of the degree of coverage, 
the maximum rate is reached in Reaction (1) when the surface coverage by oxygen is equal to 0.5. The corres- 
ponding value of the heat of adsorption of oxygen, which will be designated as optimal, can be estimated in 
the following manner, It will be assumed that the standard entropy change, AS”, for (3) is approximately the 
same as the value of AS’ for reaction (9), A typical value for Reaction (9) would be AS® = 2 cal/deg (Me =Ni, 
Cu). At half coverage, the standard free energy change of Reaction (3) is AG® = 0; since AG® = AH=TAS’, 
the value A H = 1100 cal is obtained at 300°. Combining this result with the value of the change in free energy 
for the reaction CO + 1/2 O, = COg, we obtain AH = — 138,000 cal for the reaction O,+ & ) = XO). 


In the case of a surface whose heat of adsorption varies linearly with the coverage, the highest catalytic 
activity occurs when the heat of adsorption at half coverage is close to the optimal value. Reaction will then 
take place in the region of moderate coverage, i.e., with m = 0.5, If the heat of adsorption is much less than 
the optimal, the kinetics must correspond to low coverage and m = 0; if the heat ofadsorptionis much greater 
than the optimal, the kinetics must correspond to high coverage and m= 1. The catalytic activity will be low 
in both cases, In Table 2 the activities of the catalysts are compiled as a characterized by the values 
of the constant k* at 300, the heats of adsorption of oxygen according to the data of the literature, and the 
values of the constant m The k* values for Pt and Ni foils, and for tungsten, have been extrapolated to 300° 
with the aid of the Arrhenius Equation. It should be noted that the available data on the heat of adsorption are 
not uniformly significant, Preference has been given here to results which have been obtained by direct calori- 
metric measurements. Maximal activity for Reaction (1) is shown by Ni, and by Pt, Co, and FesOy For these 
catalysts, the heat of adsorption of oxygen is clearly close to the optimal value, m = 0.5. With copper, this 
heat of adsorption is considerably less than the optimal value and its catalytic activity is less than the maxi- 
mal, m= 0; with tungsten, the heat of adsorption is much greater than the optimal and its catalytic acitivity 
is also less than maximal, m = 1, With Ag where the heat of adsorption of oxygen is 16 kcal/mole, i.e., very 
small, exchange could not be detected. Thus the experimental data are in quantitative agreement with the 
predictions of the theory. 
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THE MECHANISM OF THE LOW TEMPERATURE POLYMERIZATION 
OF MONOMERS UNDER THE ACTION OF GAMMA RADIATION 


A. P. Sheinker, M. K. Yakovleva, E. V. Kristal*nyi and A. D. Abkin 
The L, Ya. Karpov Scientific Research Institute for Physical Chemistry 
(Presented by Academician S, S. Medvedev, October 30, 1958). 


It is one of the characteristics of the radiational polymerization of the vinyl compounds that these pro- 
cesses can be carried out at comparatively low temperatures. This results from the fact that the energy of 
activation for polymerization under the action of radiation is relatively low [1] in comparison with the activa- 
tion energy for polymerization with material initiators. In spite of this, it would be anticipated that any con- 
siderable diminution in the temperature would bring about a significant decrease in the rate of polymerization. 
But, as we have shown, the polymerization of certain monomers (isobutylene, the nitrile of acrylic acid, and 
others) under the action of y-radiation proceeds with measurable velocity even at very low temperatures (-195°). 


By work in the field of radiational polymerization, it is established that the process at ordinary tempera- 
tures is carried on through a radical mechanism [2] The experimental observations (the relatively high rate of 
polymerization of various monomers at low temperatures; the polymerization of isobutylene, which is known 
to follow a nonradical mechanism, etc.) force one to conclude that low temperature polymerization does not 


proceed through a radical mechanism. The literature contains only one communication dealing with this ques- 
tion [3} 


The present work outlines results which have been obtained in an investigation of the mechanism of the 
low temperature polymerization of various vinyl compounds under the action of y-radiation. In this study of 
mechanisms, use was made of the method of copolymerization, through which the necessary information con- 
cerning the nature of the active particles (radicals, ions) promoting the polymerization process can be obtained 
from data on the kinetics and the copolymer compositions [4]. 


Study was made of the copolymerization of isobutylene with vinylidene chloride (in “bulk") over the tem- 
perature interval ~78 to 0°, and of methylmethacrylate with styrene in ethyl chloride solution at -78 to + 25°. 


Polymerization was carried out in ampules in a Co™ source with a source strength of 20,000 gram equiva- 
lents at anintensity of 230-250 r/sec. Exposure of the carefully purified monomers in ampules was performed 
in vacuum under such conditions as to assure the absence of atmospheric oxygen. The precision of the dosing 
of the isobutylene and the vinylidene chloride amounted to 2-3% Depending on the composition, the time of 
polymerization of these monomers varied from 2 to 8 hours. The degree of polymerization did not exceed 10%, 
The yield of polymer was determined by weighing. Determination of the compositions of the copolymers of iso- 
butylene with vinylidene chloride was through analysis for the content of chlorine, 


In Fig. 1, data on the isobutylene — vinylidene chloride system is presented to show the relation between 
the composition of the starting mixture and the compositions of copolymers formed by polymerization at various 
temperatures. From these data there were obtained the copolymerization constants, a (for isobutylene) and 8B 
(for vinylidene chloride), use being made of a simplified integral composition equation [5] Numerical values 
of these constants are presented in Table 1. 


It follows from these data that the compositions of the copolymers alter markedly with the temperatures 
of copolymerization, and in such a manner that the copolymers are enriched with vinylidene chloride in the 
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temperature region (0°), and with the isobutylene component in the region of low temperatures, It is especial 
ly _ significant that this enrichment increases sharply on decreasing the temperature from ~40 to ~78°. It is 
well known that with fixed mechanism of initiation, variation of the polymerization temperature alters the 
composition of the copolymer only insignificantly. 


TABLE 1 


ylene 


Temperature 
of polymeriza- 
tion, °C 


8 


25 0 
-40 1,27 0,21 
0 &@ WU 0 0.03 1.3 
Mole fraction of iscbutylene in 
the starting mixture 


in the copolymer 


Mole fraction ofisobut 


Thus, the observed inversion of the relative 

Fig. 1. The relation between the composition of reactivities of the monomers indicates that polymer 
the copolymer and the composition of the starting ization under the action of radiation proceeds accord- 
mixture in the polymerization of isobutylene with ing to different mechanisms at low, and at high, temp- 
vinylidene chloride. The points represent experi- eratures. 

mental data; the curves have been calculated from 


For a radical initiation mechanism, th - 
the experimentally determined values of a and B. 


merization constants for the system isobutylene = vinyl- 
idene are a= Oand B=1.5 [6] These are close to 
the values which have been found here for radiational polymerization at 0°. This fact can serve as a proof that 


the radiational polymerization of isobutylene and vinylidene chloride proceeds according to a radical mechan- 
ism at high temperatures (in this case, at 0°). 


It is clear that a diminution of the temperature brings into play ionic type reactions, the contribution of 
such reactions increasing as the temperature falls. 


Isobutylene with its two electropositive substituents is known to be characterized by the ability to under- 
go cationic polymerization. In terms of the carbonium mechanism, vinylidene chloride fails to polymerize 
because of the presence of electronegative substituents (chlorine atoms) at the molecule's double bond. This 


is in full agreement with the data on the separate radiational polymerization of isobutylene, and vinylidene 
chloride. 


Thus, at —78, the initial rate of polymerization of isobutylene is 0.31 M/liter- hr, whereas the rate 
of polymerization of vinylidene chloride is only 1/15th this large and amounts to 0,023 M/liter- hr. On the 


other hand, at 0°, the rate of polymerization of vinylidene chloride is almost 50 times higher than that of iso- 
butylene, 


These facts justify the supposition that copolymerization of isobutylene with vinylidene chloride at low 
temperatures under the action of y-radiation proceeds through a carbonium mechanism, or, in any case, 
through something which is ‘very close to a carbonium mechanism. 


Considerable interest attaches to the study of the polymerization of other monomers at low temperatures, 
Here, the principal interest is directed to the copolymerization of styrene and methylmethacrylate, since the 
relation between the polymerization mechanism and the compositions of the resulting polymers has been studied 
in detail for this monomer pair [7]. 


At 25°, the polymerization of styrene and methylmethacrylate follows a radical mechanism, as has been 
shown earlier [8]. In this case, the copolymer formed from an equimolar mixture of the monomers contains 
approximately equal amounts of the two components. The study of this pair of monomers has added significance 


in view of the fact that styrene is known to be capable of polymerizing according to either a radical or an 
ionic mechanism. 


& 
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in Fig. 2. 
TABLE 2 


Mole ratio of com= 


Polymeriza~ Degree of ponents in copoly- 
tion tempera~ | polymeriza- | mers, styrene: 
ture, °C tion, % methylmethacryl~ 
ate 
25 1.9 0.55: 0.45 
0 2.38 0.66; 0,34 
=-30 1,38 0.71; 0,29 
4,3 0.79; 0.21 


(3] W. H. T. Davison, S. H. Pinner and R. Worral, Chem. and Ind. No. 38, 1274 (1957). 


(5] L. M. Gindin, A. D. Abkin and S, S, Medvedev, J. Phys, Chem. 21, 1269 (1947). 


[8] W. H, Seitzer, R. H. Goeckermann and A, V. Tobolsky, J. Am. Chem, Soc, 175, 755 (1953). 
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Polymerization was carried out on styrene, and on an equimolar mixture of styrene and methylmethacryl- 
ate in ethyl chloride (styrene concentration, 2.51 M/liter; total monomer concentration, 4.02 M/liter). The 
compositions of the resulting copolymers were determined by infrared spectroscopy of the band at 1725 cm™! 
which is characteristic of the CO groups of polymethylmethacrylate. The results are presented in Table 2, and 


F 


Rate of poly- 
merization 


“0 00-40 20 0 
Polymerization tem- 
perature 
Fig. 2. The relation between the rate 


of polymerization of styrene and the 
polymerization temperature. 


It follows from the data of Table 2 that the relative amount of the methylmethacrylate in the copolymer 
diminishes markedly with a decrease in the polymerization temperature, a fact which points to an increase in 
the contribution made by the ionic reactions, In this connection, it is interesting to note that lowering the 
temperature of polymerization of styrene from + 25° to -78° at first decreases, and then increases, the rate of 
polymerization (Fig. 2). Here, the rate of polymerization at ~78° is greater than the rate at +25", 


The rise in the rate of polymerization of styrene with diminishing temperature could only be due to the 
formation of chains of ionic type in the system, the contributions of the ionic and the radical reactions being 
dependent on the reaction temperature. The possibility of low temperature radiational polymerization accord- 
ing to an ionic (carbonium) mechanism clearly arises from the formation in the system of those conditions which 
favor a lengthening of the life of the ions which are produced under the action of the radiation. This is also a 
determining factor in the production of chains of ionic type in the system. The data available at the present 
time is not sufficiently detailed to permit a consideration of the mechanism of the formation of ionic chains, 
This problem will be dealt with in future investigations. 


The authors wish to express their indebtedness to Academician S, S. Medvedev for his interest in this 
work and for a discussion of the results, 


{1] D. S. Ballantine, P, Colombo, A, Glines and B, Manowitz, Chem. Eng. Progr. Sympos, Series 50, 
No. 11, 267 (1954). 


(2] T. S, Nikitina and Kh, S, Bagdasar*yan, Collected Papers on Radiation Chemistry (in Russian), Acad. 
Sci. USSR Press, 1955, p. 183, 


[4] A. D. Abkin, Problems of Chemical Kinetics, Catalysis and Reactivity (in Russian), Acad. Sci, USSR 
Press, 1955, p. 338. 


(6] T. A, Alfrey, J. Bohrer and G. Mark, Copolymerization (Russ, trans.) Foreign Lit, Press, 1953, p. 37. 
[7] C. Walling, E. R, Briggs, W. Cummings and F, R, Mayo, J. Am. Chem. Soc, 172, 48 (1950). 


Received October 27, 1958 


THE FORMATION AND PROPERTIES OF METAL SOAPS IN DILUTE 
AQUEOUS SOLUTIONS 


N. A. Aleinikov and A. M. Makarova 
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The study of the composition and properties of metallic soaps prepared in dilute aqueous solutions can 
be of considerable help in explaining the changes in the surface properties of particles during flotation [1], the 


phase transitions in emulsions, stabilities of emulsions and foams, flocculation, ion exchange, and other phenom- 
ena occurring in dispersed systems. 


While analyzing the crystals of saturated aliphatic acids with ion exchange in mind, A. A. Trapeznikov 
[2] showed that the amount of exchange between H* and Cu** when plotted against the pH of the solvent passed 
through a maximum (pH ~ 4,75). A similar type of change was observed in the viscosity and related properties 
of Al soaps of naphthanoic acids [3]. When the properties of metallic soap films formed on the surface of aque- 
ous solutions were compared with those formed on the surface of minerals, it was found [4, 5] that the interac- 
tion between the polyvalent cation in solution and a film of palmitic or myristic acids occurred at a relatively 
low pH. The surface area of the film (calculated by assuming a unimolecular layer) also showed characteristic 


changes with respect to pH,a maximum in the acid region (cations were Al, Co, Cu)* where *solid® films were 
formed [5 4. 


This kind of a change is undoubtedly connected with a variable composition of the soaps being formed. 


The formation of metallic soaps with polyvalent cations, depending on the pH of the aqueous solution, 
can be represented as a process in which there is a simultaneous formation of “acidic” and “basic” soaps. The 
first soaps are formed under conditions where the hydrolytic dissociation of the polyvalent cation salt is small, 
and as the pH decreases their composition changes from fully substituted (stoichiometric) soaps to dissociated 
soap molecules, by going through stages with various amounts of Ht incorporated into their colloidal ions or 
polymeric complexes. In this case alongside an ionic exchange we can also assume a molecular mechanism 
involving the adsorption of palmitic acid on the micelles of "basic" soaps, followed by a chemical reaction. 


Basic salts formed by hydrolysis (among them complex cations) readily form the "basic" soaps whose 
composition will vary with increase in pH from soaps with incompletely substituted palmitic acid to alkaline 
soaps with different amounts of chemisorbed hydroxyl ions. The first soaps will have cation-like properties, 
the latter ones anion-like. It is obvious that, with increased pH of the solution, the amount of “acidic” soaps 
being formed will go througha maximum, while the amount of *basic™ soap will keep increasing without inter- 
ruption. The investigation of the hydrolysis kinetics of dilute salts and of its effects on the mechanism of 


formation and the composition of metallic soaps is quite important; however, in this work we did not investi- 
gate it particularly. 


To prove the general scheme of metallic soap formation we prepared Fe** and Fet*+ palmitates. The 
method by which these soaps are formed from the reaction solutions can represent the processes normally 


*No determination was made with Fe. 


occurring in the presence of these soaps, In our case it was important to carry out the addition of sodium pal- 
mitate solution, containing various amounts of free NaOH, by pouring it into an iron sulfate solution which con- 
tained various amounts of free HySO, The concentration of sodium palmitate in the original solution was fixed 
at 39°10°* moles/liter, and at 44-45° this solution was only slightly colloidal. After the iron salt solu- 
tion (FeSO, or FegSO4)s) was heated to the above mentioned temperature we added to it the stoichiometric 
amount of sodium palmitate contained in an approximately equal volume of solution. After the solutions were 
mixed, the mixture was stirred for 5 minutes at the same temperature, then the pH was measured at 20° and 
the reaction mixture extracted with diethyl ether. The ether layer contained the most hydrophobic compounds; 
"acidic" soaps, that part of "basic" soaps which contained the largest amount of palmitic acid, and the free 
palmitic acid if there was any left in solution. Typical "basic" soaps were insoluble in ether. A determination 
of the tota] amount of iron in the isolated products gave its distribution among the two types of soaps and indicat- 
ed their relative amounts. Since the quantitative results were reproducible, it indicated that some sort of an 
equilibrium was achieved in these reactions. 


The general form of the experimental function representing the change of soap composition vs pH agrees 
well with the assumed one (Fig. 1). With the FegSO,); salt, which is hydrolyzed more completely than FeSO,, 
the maximum in the formation of "acidic" soaps is displaced in the direction of lower pH. 


To determine the composition of the “acidic” soaps prepared in acidic media, we extracted the free pal- 
mitic acid from the reaction mixture by using dioxane, and determined the bound palmitic acid and iron in the 
residue. The ratio between the palmitic acid and iron equivalents varied from 0.44 to 1.0. With typical "basic" 
soaps the same ratio had a value of about 0.06. 
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Fig. 1. The distribution of Fe*t and Fe*** among the palmitic acid soaps 
as a function of pH. 1) Basic soaps; 2) acidic soaps. 


With increased pH the stability of “basic™ soaps in solution increased, and at a pH 10-11, beside the salt- 
ing out of sodium palmitate, we detected the formation of a highly stable sol, When we agitated the aqueous 
solutions by bubbling air, the "acidic" soaps readily flocculated and formed flakes exhibiting froth flotation, 
in a manner which resembled the surface coagulation observed in colloidal solutions [6]; the “basic” soaps 
showed less tendency toward flocculation. 


On the basis of the observed properties of iron soaps one can assume that the flotation of natural iron 
oxides (hematite and magnetite) by carboxylic acids results from the formation of sitnilar compounds on the 
surface of the particles. Actually at pH < 6 the flotation of iron oxides proceeds primarily on account of the 
surface compounds of the "acidic" soap type which also contain some carboxylic acid molecules. In this 
case the formation of flotation aggregates from particles and air bubbles exhibits fast kinetics, which is also 
confirmed by the great number of recommendations prescribing flotation of iron oxides at low pH. When 
pH > 7 the flotation of iron oxides proceeds through the formation surface compounds which are primarily 
composed of "basic" soaps and chemisorbed compounds while the formation of aggregates is retarded. 


We are extremely grateful to Acad. P. A, Rebinder and A. B, Taubman for their valuable advice and 
interest in this work, 
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THE ANODIC PASSIVATION OF SILVER IN ALKALINE SOLUTIONS 


G. L. Vidovich, D. I. Leikis, and B. N. Kabanov 
Institute of Electrochemistry of the Academy of Sciences USSR 


(Presented by Academician A, N. Frumkin, October 1, 1958) 


As is well known [1], the anodic oxidation of silver in alkaline solutions proceeds in two steps — first 
Ag,O is formed, then at higher potentials the Ag,O is converted to AgO. The described oxidation process does 
not proceed until all the silver is used up, but stops after a while due to the passivation of the metal. 


In this work we have investigated the passivation of silver in KOH solutions, in the 0.01 to 10 N concen- 
tration range. The work was carried out by a method in which the capacity and ohmic components of the 
impedance of the electrode were measured at a constant current density or potential. The impedance was 
measured by compensation. In the compensating arm of the bridge of the electrode represented a capacitance 
Cz and resistance R, connected in parallel, both in series with a resistance corresponding to that of the solution. 
With this measuring technique Rg corresponded to the resistance of the reaction or of one of its stages, while 
Cz corresponded to the capacity of the double layer. 


As may be seen in Fig. 1, when a small positive potential was applied to the electrode (0.3 v, with refer 
ence to a mercuric oxide electrode in the same solution) the rate at which silver dissolved rapidly declined with 
time, and was accompanied by a parallel decrease in the capacity of the electrode*s double layer. These large 
changes in the solution current and the electrode capacity occurred after only a small amount of electricity 
was passed (approximately 20 mcoul / cm’), an amount corresponding to about 10 molecular layers of Ag,O. 

It seems that the drop in capacity may be connected with the semiconducting properties of AggO [2], More- 
over, we are assuming that the forming layer of Ag,O covers the electrode relatively evenly. 


On the basis of the data presented we may assume that at first (before a solid layer of Ag,O has formed 
on the surface) the process proceeds through solution and a primary formation of a supersaturated solution fol- 
lowed by a deposition on the crystallization centers.* 


After a compact layer of Ag,O has formed on the silver surface, it seems that the Ag -» Ag,O process 
continues at the solid interface; this is similar to the process occurring during the passivation of iron in acidic 
solutions [4], with the difference that the growing Ag,O film will not dissolve any more in alkali. Therefore, 
it is natural that the rate of the Ag - Ag,O process should decrease with the formation of a compact Ag,O 
layer. We call this the first stage of passivation, 


However, even at this decreased rate the process proceeds for only a limited length of time, This may 
be seen in Fig, 2, where we have shown the dependence of the potential g, the capacity Cz and ohmic R, 
components of the impedance of a silver electrode in a 0.1 N KOH solution on the amount of current passed 
at a constant current density and 3 - 10‘ hertz, ** One can see in Fig. 2 that at a constant current strength 


during a fixed time interval (point a) the potential sharply increases (by approximately 0.3 v) and the second 
stage of passivation sets in. * ** 


*That this electrochemical process can proceed through solution in 3 to 12 Nalkali was proven in work [3} 

* *Similar dependence was observed within the whole investigated KOH concentration range and also at lower 
frequencies, 

*¢ Jt is possible that this is caused by an enrichment of the Ag,O layer, adjacent to the silver, in oxygen , or 
by the adsorption of oxygen at the Ag/Ag,O boundary. 
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Simultaneously there is a sharp increase in Rg, i.e., a retardation of some electrochemical process, We 
are not dealing with the Ag -» Ag,O process as whole, since the resistance of this reaction (calculated from 
the slope of the overvoltage curve) is larger than the measured R, by two orders of magnitude. Probably the 
measured Rg characterizes one of the stages in the Ag-» Ag,O process. It is possible that an electrochemical 


adsorption of oxygen on the silver surface constitutes this stage, just as it happens during the solution and pass- 
ivation of iron in alkali (5). 
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Fig. 1. The anodic current density and the capacity of a dou- 
ble layer on a silver electrode at 0.3 v in 0.1 N KOH as a func- 
tion of the current passed through, 


As soon as the electrode potential exceeds the 
Ag,0 AgO standard electrode potential, the Agg0> 
~» AgO reaction begins to proceed alongside the Ag + 
-» Ag,O reaction, which is equivalent to introducing 
one more parallel conductance, the reciprocal of 
which corresponds to the resistance calculated from 
the curve we obtained for the overvoltage in the 
Ag,0-— AgO reaction. Since the resistance of the 
Ag2O - AgO reaction is small as compared to R, 
(which was increased as a result of passivation), the 
measured total resistance R*, sharply drops after the 
Ag,O-> AgO reaction sets in (Fig. 2). 


Interestingly, after the second passivation stage 
the silver still continues to undergo anodic oxidation, The 
second anodic plateau on the charge curve which corre 
sponds to the formation of AgO is evidence of this, as it 
100 200 mcoul /cm? .is usually shorter than the first. That this extend- 


h ed delay is caused by the oxidation’ of silver and 
Gpanges ‘not by some extraneous process is evident from 
double layer, and thé electrode resistance at a 0,08 min f 

‘ the fact that the total amount of electricity used in 
ma/cn? current density. 


the two plateaus of the cathodic reduction is always 
equals to the total amount of electricity expended 
in the anodic oxidaiion, The oxidation of silver on the second plateau proceeds at a rate which is lower (by 
nearly 5 orders of magnitude) than the rate extrapolated (to 0.6 v) from the first plateau of the overvoltage curve 
for the Ag *=Ag,0O process (in estimating the rate we have assumed that the rate of this process changed insignifi- 
cantly over the length of the second plateau), Thus, we can assume that the second stage of passivation results 
in a retarded silver solution rate (by several orders of magnitude), 
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It should be noted that at high current densities, the oxidation of metallic silver is not observed;for ex- 
ample, at 0.73 v (vs a standard hydrogen electrode) in 0.1 N KOH. In this case the amount of electricity used 
in the Ag -» Ag3O process is equal to the amount used in the Ag,O - AgO reaction, i.e,, at a potential above 
0.73 v (vs a standard hydrogen electrode) silver is almost completely passive in 0,1 N KOH, A similar passiva- 
tion of silver in 10 N KOH occurs at potentials above 0.64 v. We call this practically complete discontinuity 
in the oxidation of silver the third stage of passivation, 


It should be note that all the observed passivation stages do not occur independently of each other, but 
follow each other. Thus, for example, if the first anodic plateau is established at such high current densities 
(0.5 ma/cm) thatits lengthisconsiderably decreased then the third passivation stage is not observed at the 
potentials at which it usually occurs. 


Therefore, the anodic passivation of silver in alkali proceeds in three successive stages, and each stage 
is accompanied by a sharp decline in the oxidation rate. We are currently continuing our investigation of the 
mechanism of these stages, 
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PHASE COMPOSITION STUDY OF THE COPPER CATALYST USED 
IN THE OXIDATION OF PROPYLENE TO ACROLEIN 


O. V. Isaev and M. Ya. Kushnerev 
Institute of Physical Chemistry of the Academy of Sciences,USSR 
(Presented by Academician V. L Spitsyn, October 6, 1958) 


In a previous work [1] we have shown that depending on the composition of the reaction mixture and the 
temperature during the catalytic oxidation of propylene to acrolein the phase composition of the catalyst changes; 
there is either an enrichment of the cuprous oxide by metallic copper or an increase in the oxygen content in 
the cuprous oxide. The x-ray analysis of the catalyst was done not during the oxidation of propylene, but 
periodically after each experiment, which made this work inadequate. 


The purpose of the present work was to investigate the phase changes in the copper catalyst during the 
oxidation of propylene to acrolein, 


To have an uninterrupted control over the phase changes we used a technique which made it possible to 
take x-ray pictures during the reaction itself. The x-ray pictures were taken in an especially designed cham- 
ber, whose structural characteristics are shown in Fig. 1. 


A powdered sample of cuprous oxide (2-3 mg) was placed in reactor 1, which was made of a thin (di- 
ameter 0.7-1.0 mm) molybdenum glass capillary and washeated by a coiled electric heater 2, The reactor 
was linked to a system which permitted a continuous addition of the gaseous mixture and collection of the re- 
action products. The temperature of the catalyst was registered with the help of a thermocouple and main- 


tained constant within , 1°, The x-ray beam scattered by the sample was recorded on a flat film placed in 
the box 3, 


With the catalyst under investigation we obtained good resolution and satisfactory reflection intensities 
by using a BSV~5=Cu x-ray tube (without a 8-ray filter), with a distance of 25-26 mm between the sample 
and the film and a 15-30 min exposure. 


As in our previous work, we used cupric oxide, cuprous oxide, and copper metal as our starting materials. 
Cupric oxide was prepared by the oxidation of Cu and Cu,O with air oxygen. Cuprous oxide was prepared by 
a method proposed by D. N. Finkel'shtein [2], Copper metal was made by reducing copper oxides with pro- 
pylene at 350-400° [1]. All the experiments were carried out at atmospheric pressure on a gaseous mixture of 


the following composition; 15% propylene, 15% oxygen, and 70% nitrogen. Contact time was maintained for 
about 2 seconds. 


In Fig. 2 and 3, we have presented the results from our identifaction of the x-ray pictures taken on the 
catalysts. We plotted sin @ ontheabscissa and line intensity (determined visually) on the ordinate. 


During the oxidation of propylene on cupric oxide (see Fig. 2) at 310°, we observed a reduction of the 
catalyst; after 210 min the catalyst showed the presence of cuprous oxide. A rise in temperature (343 and 
370°) resulted in a sharply increased reduction rate. Besides the formation of cuprous oxide, in both cases we 
have detected the presence of a metallic phase, and the higher the temperature the sooner it appeared. When 


the oxidation of propylene was carried out at 370° on CuO, after 135 minutes only one phase was observed — 
copper metal. 
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Fig. 1, The basic scheme of an x-ray, chamber for the investigation of 
copper catalysts during the oxidation of propylene to acrolein. 


Similar results were obtained when propylene was first oxidized on cuprous oxide. As may be seen in 
Fig. 3, after the gaseous mixture was passed for 150 min over Cu,O at 300° a metallic phase appeared. At 
400° the cuprous oxide was fully reduced after only 65 min. When fresh copper metal was treated with the 
gaseous mixture in the 370-450° temperature range it did not undergo any phase changes. However, additional 
electron diffraction study of a thin copper film showed that some cuprous oxide was formed after the gaseous 
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Fig. 2, Phase composition changes in the catalyst during the oxidation of propylene 
to acrolein on cupric oxide at 310, 340, and 370°. 


mixture was passed over it at 400°. It is probable that during the oxidation of propylene to acrolein the cata- 
lyst surface is always covered with a layer of cuprous oxide which is not detected by the x-rays. The com- 
position of the outgoing gases formed in the oxidation of propylene was constant with all the studied catalysts, 
Only on cupric oxide did we initially observe a slightly increased CO, yield, but it rapidly achieved a con- 


stant value. This may possibly be connected with the establishment of a constant phase composition on the 
catalyst surface. 


The oxidation of propylene on a copper oxide catalyst results in the formation of a very reactive com- 
pound — acrolein, which can be oxidized and polymerized at 400-450 not only in the gas phase but also on 
the surface of the catalyst. Therefore, it was interesting to investigate the effect of acrolein on the phase 
changes in cupric oxide. The experiment showed that by passing a mixture of acrolein vapor (0.5%) and nitro- 
gen over cupric oxide we reduced it to Cu,O + Cu. 


Addition of oxygen to the gaseous mixture strongly inhibited the reduction of the catalyst, and a polymeric 
film formed on its surface. 
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Fig. 3. Phase composition changes in the catalyst during oxida- 
tion of propylene to acrolein on cuprous oxide, at 300 and 400°. 


By means of a special electron diffraction study we showed that a treatment of a copper film with a 
mixture containing acrolein (0.5-5.0%), oxygen (15%), and nitrogen for 2-3 hours at 400 resulted in the oxida- 
tion of copper to cupric oxide and a simultaneous deposition of a polymeric film on the catalyst surface (Fig. 
4). It seems that a large excess of oxygen in the gaseous mixture may be responsible for the poisoning of 
the copper catalyst, not only as a result of the contact surface oxidation, but also due to an appreciable sur- 
face covering by a polymeric film. 


Fig. 4. Electron diffraction patterns of a thin copper film. a) The original 
copper film (Cu); b) copper film treated with the operational gaseous 
mixture (Cu,O); c) copper film treated with a mixture composed of acro- 
lein vapors (0,5-5.0%), oxygen (15%), and nitrogen (CuO plus polymer). 
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THE GAS-CRYSTALLINE STATE OF MATTER IN POLY MERS 


A. I. Kitaigorodskii 


Institute of Heteroorganic Compounds of the Academy of Sciences,USSR 


(Presented by Academician V. A. Kargin, October 3, 1958) 


_1. Gas-crystalline state in low-molecular weight compounds. The literature does not give enough em- 
phasis to the fact that one of the most widespread phase states among molecular substances is the state where 
the molecular "centers" form a true three~dimensional lattice, while the molecular azimuths are randomly 
distributed and satisfy either a spherical or an axia] symmetry. Timmerman’s book [1] is the only exception; 
it contains a large list of compounds with their transition temperatures which enabled us to fix the stability 
ranges of this state, The existence of a gas-crystalline state may be detected by measuring the dielectric 
constant, and also from the heats of transition. Direct proof is obtained by x-ray structural analysis, which 
proves the random statistical distribution of the molecules, 


The nature of molecular motion in the gas~crystalline state can not as yet be regarded as explained; 
there is no general, common movement. Probably the most frequent form is a vibration about the numerous 
equilibrium positions accompanied by intermittent transitions from one position to another. 


The term we proposed, the “gas-crystalline state," emphasizes quite well the structural pecularities of 
this state: presence of a large scale order in the distribution of molecular centers, and the absence of any 
close range order in the molecular orientations, The gas-crystalline state arises in all the cases where the 
molecular rotations (of spherically or cylindrically shaped molecules) do not produce any appreciable changes 
in the density of packing. 


The available structural data indicate that in almost every case the volume available to each molecule 
in the gas-crystalline state is somewhat smaller than the volume of the solid described by the rotating molecule. 
This means that not all the mutual orientations can exist in the crystal, but only those where the *protruber- 
ance™ of one molecule fits into the "recess" of another [2]. Nevertheless, the large number of variations even 
among similar distributions makes the existence of the gas-crystalline state possible. 


Ya, L Frenkel" gave a very descriptive name to the transition from a normal crystalline state to the gas- 
crystalline — “orientational melting" [3]. He, however, as did many authors, erroneously assumed that the orien- 
tational melting always occurs at the A~point, i,e., that it is a phase transition of the second type. The in- 
accuracy of this assumption was demonstrated by direct measurements of the heats of transition [1} In certain 
cases, for example among paraffins, the abrupt volume changes were also measured [4], A transition of the 
2nd type — from a gas~crystalline to a crystalline state — constitutes an exception and not the rule. 


2, The packed structure of polymers, Ina recently published paper [5] we presented a new way of 
looking at the polymeric structure, We proposed that the structural "unit" of a polymer be a packet of chains. 


The degree of regularity in polymers depends on the fraction of completely amorphous material located 
outside the packetsand on the amount of order inside the packets. Let us discuss the nature of the order inside 
the packets (which was not done before). We are assuming that each packet, consisting of numerous parallel 
molecular chains, can exist in either the crystalline, the liquid, or the gas-crystalline state. 


In the crystalline state the chainshavea large scale orderly distribution not only with respect to their 
axes, but also with respect to orientation. In the amorphous (liquid) state there is a close range order diagonally 
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across the packets both with respect to the axes, as well as the orientation. In the gas-crystalline state there 
is a large scale order in the distribution of molecular axes across the packets but no regular orientation. 


The specificity of polymeric chains — a periodic repetition along the chain — leads to two variations 
in the amorphous and gas~crystalline states. Each of them can exist with or without an arbitrary displacement 
of each chain along the general axis of chains. By using theterminology now accepted in liquid crystals, we 
can say that the amorphous and gas~crystalline states in polymers can exist in nematic (arbitrary displacement 
down the chain) or smectic (no displacement) modifications, 


3. Indications of the gas~crystalline state in polymers. The cross section of either of the two modifica- 
tions exhibited by the gas-crystalline portion of each packet should exhibit a hexagonal lattice to fit the close 
packing of cylinders, The circular cross section of any cylinder should be equal to the average cross sectional 
area S of the chain molecule. Therefore, the axis a of the two-dimensional hexagonal lattice should be ap- 
proximately equal to a= 1,1 4S. The maximum interplanar distances in a two-dimensional lattice of cylinders 

1 


are: 


Theoretically it is easy to calculate the x-ray diffraction patterns for samples in the gas-crystalline state. 
This state exhibits characteristic sharp 1-3 equatorial reflection ("crystalline! ") and rapidly declining scatter- 
ing intensities, Such an x-ray pattern could not be produced by either a liquid or crystalline state. The above 
mentioned pecularities in the intensity distribution arise as a result of the fact that the average "cylindrical® 
molecule has a wide and approximately homogenous (good for a rough calculation) electron density distribution 
in the cross section perpendicular to the chain axis. Beside this, some gaseous scattering should be observed 
near the original undiffracted beam. The presence of the latter type of scattering was demonstrated a long 
time ago [6]. 


The intensity of the x-rays scattered by such a system of closely packed cylinders can be calculated 
either for an infinite lattice or for a system consisting of n chains. 


In the first case [7] the diffraction pattern is reduced to a series of equatorial reflections which can be 
described by the two indexes h and k of a two~dimensional lattice. The square of the structural factor can be 
written in the form 


{ + cos? 20) [/,(sR)]2 


sin 20 Ss 


where f = the atomic scattering factor, 20 = scattering angle, S= 49 sin @/ A, A = wave length, J, = Bessel 
function, R = radius of the cylinder. 


In the second case [8] we calculate the uninterrupted intensity curve from the formula 


2 m’>m 


Summation is carried out over all the chain pairs m, ™‘'; ppm? = distance between the chains, 


For n of the order of 100 both analyses give similar results, Scattering by gas~crystalline polymers should 
satisfy the above written formulas. 


So far we have discussed only the indications of the gas-crystalline state established by diffraction methods, 
Yet the existence of the gas~crystalline state should show up in many other properties, Here, we do not have 
enough space for a detailed analysis of this problem. We will only show, as an example, that the gas-crystalline 
state should become apparent in the morphology of substances, i.e., promote the formation of packets covered 
with regular faces.* The gas-crystalline state should also make the nuclear magnetic resonance lines narrower. 
The discovery of this effect in polystyrene [9] above 110° indicates, in our opinion, the formation of the gas- 


*Packets with regular faces were first discovered by V. A. Kargin, H. F. Bakeev, and Kh, Vergin in the polymers 
of acrylamide, salvarsan, and the copolymers of methylmethacrylate and methacrylic acid [10] 
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crystalline state. Any movement of the molecular components can only occur in one manner = rotation about 
single C-C bonds, provided these bonds are located parallel to the packet of chains, Any other form of rotation 
is forbidden for steric reasons. 


4, The gas~crystalline state in polyacrylonitrile. As an example of a high polymeric substance whose 
packets (to a substantial degree at least) are gas-crystalline we take polyacrylonitrile; its x-ray picture (in an 
extended state)consists of two sharp equatorial reflections with the interplanar distance dy = 5.45 and d, = 
CABLE 1 = 3.15 (dy/dg = 3). Besides these reflections the 
photograph also shows a diffuse halo, which corres- 
ponds either to a completely amorphous material, or 
hkl R=25A |R=285A |R=3,15A to portions of the packets where the molecules are 
distributed in the liquid state. The experimental in- 
100 100.0 100.0 100.0 tensity curve agrees extremely well with the calculat- 


1.4 20.0 57.0 — 
200 3.4 1.62 4.0 We calculated the intensities for an infinite 
210 0,24 1.70 2.5 lattice made of cylinders and from these obtained the 
220 0.00 0.30 0.8 values of F* for three different cylinder sizes with 
the radii covering all the stereochemically possible 
variations in the conformation of the chains; these are tabulated in Table 1. We observed two experimental 
lines with the ratio between their F? values approximately equal to 5. 


I 5592 34,7 18,1 58,5 94,5 224 5,46 04 4,2 4,2 10,0 39,0 9,5 5,2 0,5 0,03 


It is interesting that the calculation for a finite number of chains also gives good results; in Table 2 we 


have done it for a small number, n = 25, The maxima corresponding to the (100) and (110) indices of a hex- 
agonal lattice are shown in bold print. 


It seems to us that here, we have a direct proof for the existence of the gas-crystalline state in polyacrylo- 
nitrile. A further search for the gas-crystalline state in polymers may be of considerable interest. 


I would like to thank D, Ya. Tsvankin for his help in the calculations, 
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THE ULTRAVIOLET AND VISIBLE ABSORPTION SPECTRA OF 
AROMATIC AMINES ADSORBED ON SPECIFIC CENTERS OF 
ALUMINOSILICATE CATALYSTS 


E. I. Kotov and Academician A. N. Terenin 


Physical Scientific Research Institute of the A, A. Zhdanov Leningrad State University 


The infrared spectroscopic investigation of the aluminosilicate catalysts showed that their surfaces con- 
tain hydroxyl groups (OH) whose spectra did not differ (in frequency or perturbation by extraneous molecules) 
from those exhibited by hydroxyls on the surface of silica gel and microporous glass [1]. This evidently result- 
ed from the fact that our samples of the aluminosilicate adsorbent had a predominance of the silicate com- 
ponent. Nevertheless, the ultraviolet absorption spectra of the adsorbed aromatic amines showed that the alu~ 
minosilicate catalyst surface contained some acid centers, which, unlike silica gel, alumina gel, and micro- 
porous glass, reacted in the same way with the amines as do the protons in HCl and HgSQ, solutions [2]. 


On the other hand, the visible absorption spectra exhibited by some adsorbed aromatic amines (4, 5), 
and also the infrared spectra of adsorbed NHs and CHgCN [6] indicated that the surface of the aluminosilicate 


catalysts contained some electron-acceptor centers which were capable of ionizing the aromatic amines and 
coordinating with the ammonia and acetonitrile. 


It was interesting to carry out a spectroscopic study in order to explain the function of the proton-donor 
or electron-acceptor centers with respect to the activity of the aluminosilicate cracking catalysts. 


M. A, Kaliko (VNII NP)* and K. V. Topchieva (MGU) kindly supplied us with some industrial and lab- 
oratofy samples of various synthetic aluminosilicate catalysts, Later L F. Moskovskaia (MGU) prepared for us 
some samples of the aluminosilicate catalyst and poisoned them with Na™ and Li* ions in NaOOCCHs and 
LiOOCCH; solutions, According to K. V. Topchieva's and L. F. Moskovskaia's data, the activities ( a) of the 
initial sample, the one poisoned with Na+ and with Li* ions were ; 0.41, 0.01 and 0,04 respectively. 


We hoped that by comparing the absorption spectra of the molecules adsorbed on the original sample 


with the spectra on the poisoned one, we would be able to isolate those specific adsorption centers which were 
not associated with protons, 


For the spectroscopic investigation we used the aromatic amines previously used in our laboratory: aniline, 
dimethylparaphenylenediamine and benzidine. As adsorbents we used; 1) silica gel (prepared in the GDR ** 
and characterized by the lowest level of impurities); 2) y-Al,O3; 3) industrial alumina gel I in the form of 
pills; 4) laboratory-made alumina gel II; 5) industria] silica-alumina gel I in the form of pills, and of the 
composition Al,O, : SiO, = 12: 88; 6) industrial silica-alumina gel Il of the composition Al,O, ; SiO, = 25; 75; 
7) laboratory-made silica-alumina gel IL in the form of pellets, of the composition Al,O, : SiO, = 30:70; 8) 
laboratory-made silica-alumina gel IV in the form of pellets, of the composition Al,O3 ; SiO, = 50:50; 9) 
laboratory-made silica-alumina gel V in the form of pellets, of the composition Al,O, ; SiO, = 80:20; 10) Na- 


silica-alumina gel Il; 11) Na-silica~alumina gel IV; 12) Li-silica-alumina gel IV; 13) Na-silica-alumina 
gel V. 


*All-Union Sci. Res, Inst. of Petroleum Industry. 
**German Democratic Republic. 


All the adsorbents were ground in a mortar and passed through a calibrating sieve. The resulting powder 


was composed of irregularly shaped particles whose size was about 50 #. The specific surface of these powders 
was not determined but may be estimated as 300-500 m?/g. 


To prepare the adsorbents for the experiment we kept them in vacuo for 30 min at 20° and for 2 hrs at 
350-400°, The adsorption of the aniline and dimethyparaphenylenediamine was carried out in vacuo at 20° 
by allowing the amine vapor to pass from a trap (in a vacuum apparatus) to a bulb containing the adsorbent. 

The adsorption of benzidine was carried out at 100° by distilling it in 

vacuo, onto the adsorbent maintained at 100°, The absorption spectra 
ome if of the adsorbed molecules were measured with the diffused reflected 
light on a SF-4 spectrophotometer with a specially designed set up [2]. 
The measurements were done at low concentrations of the adsorbate, 


a is 4 before the appearance of distortions observed in the spectra of diffused 


reflected light at higher concentrations [7]. 


In Fig. 1, we have drawn the aniline absorption spectra.* The 
spectra were obtained after the first portion of aniline vapor (at a pres- 
sure of 0.4 mm in a previously calibrated volume) was introduced into 
the bulb containing the adsorbent. The number of molecules in this 
er portion was such that if they were spread out flat they would cover 5- 
10% of the adsorbent's surface. In Fig, 2, we have drawn a schematic 
representation of the observed absorption bands when aniline was ad- 
sorbed on other adsorbents. * * 


Absorption 


A comparison between the spectra indicates that the 2800 A ab- 
sorption band seen in fairly unperturbed aniline adsorbed on silica gel 
2500 00 A (compare with the methanol solution) changes to a 2600 A band, when 
the amine is adsorbed on the catalytically active silica-alumina gels; 
Fig. 1. Aniline absorption spectra. the same band is observed when aniline is dissolved in strong protonic 
1) Adsorbed on silica gel; 2) on acids (HCl, HgSO, and corresponds to the CeHsNH,* cation [3]. A com- 
alumina gel I; 3) on silica-alu- plete absence of the 2600 A band in the spectra of aniline adsorbed on 
mina gel IV, Al,Og: SiO,=50:50; the catalysts which were poisoned by Na* and Li * confirms the fact that 
4) on Na-silica-alumina gel IV; 5) _ the silica-alumina gel contains proton-donor acids centers, In our 
on Li-silica-alumina gel IV. opinion the ultraviolet absorption bands located between 2750 and 26504, 
which were observed with aniline adsorbed on y-Al,Og, alumina gel, 
and silica-alumina gels poisoned with alkali metal cations, indicate that the surface contained nonprotonic 
acid centers; these were capable of accepting electron pairs and had an effect similar to that of a proton but 
to a lesser degree. A very similar effect was observed by V. A. Khadeev when aniline was allowed to react 
with sublimed anhydrous AlCl; in vacuo to form an addition compound [8]. 


In Fig. 3, we have drawn the visible absorption spectra of dimethylparaphenylenediammonium 


(CHs)2 (9] and benzidinium NH} [5] ions, which (accord- 
ing to our spectroscopic data) were formed when the vapors of the corresponding amines were adsorbed (in a 
manner already described ) on the surfaces of silica-alumina gel IV, Na-silica-alumina gel IV, and Li-silica- 


alumina gel IV. 


*The absorption spectra of the adsorbed molecules in Fig. 1 and 3 are represented as curves of the relative 
transmittance, 


T (9) = Light beam diffused and reflected by the adsorbent + adsorbed material 
"Light beam diffused and reflected by adsorbent itself , 


Minima on the curves correspond to maxima on the absorption bands. 


* *Here the rest of each band is omitted, only the maxima on the absorption bands were fixed (within the limits 
Of + 25 A). 
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Aniline res NH; Adsorbent 


oe Silica gel 
Alumina gel I 
a Alumina gel I 


Silica~alumina gel I 


Silicasalumina gel I 
Silica-alumina gel Il 
Silica~alumina gel IV 


Silicaealumina gel V 
Na- silica-alumina gel II 
Na-silica~alumina gel IV 
Li-silica-alumina gel V 
Nassilica~alumina gel V. 
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Solvent 


Methanol 
HCl 


2600 2700 2800 a 


Fig. 2 


The results obtained with dimethylparaphenylenediamine and benzidine adsorhed on all the investigated 
adsorbents are tabulated in Fig. 2, where the plus sign denotes the presence and minus the absence of the spec- 
trum shown in Fig, 3. It should be noted that the ionic spectrum was also observed when dimethylparaphenyl- 
enediamine was adsorbed on alumina gel; however, its intensity was 1/5 to 1/10 of that observed for the same 
cation on silica-alumina gel catalysts, and this we denoted by a smaller plus sign. No benzidinium spectrum 


was detected on alumina gel. 


ice. 


Absorption 


wre 


4000 6000 70000 A 


Fig. 3. Dimethylparaphenylenediamine absorption spectra; 1) 
adsorbed on silica-alumina gel IV, Al,O3: SiO, = 50; 50; 2) on 
Li-silica-alumina gel IV. Benzidine absorption spectra; 3) ad- 
sorbed on silica-alumina gel IV; 4) on Na-silica-alumina gellV, 
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A combination of the last few facts indicates that the surfaces of aluminosilicate catalysts (including 
those poisoned with alkali metal ions) contain oxidation — electron-acceptor = centers, These centers have 
an electron affinity strong enough to detach the electrons from the adsorbed dimethylphenylenediamine (at 
20°) and benzidine (at 100°), but too weak to detach them from the adsorbed aniline (at 20-100°), The latter 
forms only a coordinate bond with the catalysts. 


The absence of a benzidinium spectrum and the weak intensity of the dimethylparaphenylenediammon- 
ium spectrum on alumina gel indicate that the alumina gel surface also has some oxidation electron- acceptor 
centers; these are similar to the ones on aluminosilicate catalysts, but are at a lower concentration or have 
a lesser electron affinity. 


SUMMARY 


1) When the aluminoslicate catalysts are poisoned with Na* and Lit ions,the oxidation electron-acceptor 
centers survive and remain accessible to the extraneous adsorbed molecules. The loss of catalytic activity 
indicates that the activity of aluminosilicate cracking catalysts can not be directly connected with the presence 
of such centers, 


2) When the aluminosilicate cracking catalysts are poisoned with the alkali metal ions, the loss of activ- 
ity is accompanied by the disappearance of the proton-donor centers which are detected through their effect 
on the adsorbed molecules. 


We wish to express our deep gratitude to K. V. Topchieva, I. F, Moskovskaia, and M. A. Kaliko for their 
cooperation and advice. 
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THEORY OF THE NONEQUILIBRIUM ELECTRICAL DOUBLE LAYER 


Corresponding Member Acad. Sci. USSR V. G. Levich 


Institute of Electrochemistry of the Academy of Sciences USSR 


In paper [1] we developed a theory for the nonequilibrium double layer at the boundary between a metal 
and solution. In particular, we showed that during the discharge of ions the voltage— current characteristic on 
the similarly charged electrode (for example on the negatively charged electrode during the reduction of anions) 
should have a decreasing curve (i.e., the current should decrease as the negative potential and the correspond- 
ing negative surface charge increase). This phenomenon was discovered independently by T. A. Kryukova in 
A. N, Frumkin's laboratory [2], and it was very thoroughly investigated by A. N. Frumkin and co-workers [3-6} 
At the same time they established the fact that the voltage-current characteristic for the reduction of s,0," 
anion has a complicated V-shaped form with a distinct minimum. A. N. Frumkin and G. M. Florianovich pro- 
posed [3] an explanation for this form of a curve by starting with the theory of delayed discharge and by assum- 
ing that the distribution of the reacting ion between the double layer and the solution adjacent to the electrode 
is in a state of equilibrium. 


In the present work we have endeavored to combine both points of view. In it, we have taken into ac- 
count not only the deviations of the discharging ion concentrations from the equilibrium value in the double 
layer during the flow of current, but also the final rate of the discharge reaction. Meanwhile, we have assumed 
that the current density is low in comparison to the limiting diffusion current, so that we could neglect any 
changes in the concentrations of the reacting species in the volume outside the double layer. We also assumed 
that the solution contains some inert electrolyte, and that far away from the electrode the concentration of 
the reacting ions cy is very small compared to the concentration of the nonreacting ions cz and cy 


The equations for the migration of ions look as follows: 


to 


FD ~ DoF *23c0 5° (2) 


- — DaF 222 (3) 


Here Dj, 2j (i = 1, 2, 3) are the diffusion coefficients = the charge of the ions respectively; ¢ is the elec- 
trical in units of RT/F = 26° 1078 


We are taking the electrode potential to be negative, the x-axis directed away from the electrode to- 
ward the solution, and the current flow in the negative direction on the x-axis. 


The electrical potential satisfies Poisson's equation, 


jo Da? ay 
Ag = (4) 
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Let us note that outside the double layer x > A (where A is the Debye length) while the concentrations 
approximately fulfill the requirement of electrical neutrality 


>, = 0, (5) 


and Poisson's equation for g changes to Laplace's equation. 


The boundary conditions require that inside the solution, at a distance from the electrode, we fix a 
specific potential (whose value may be taken as zero) and take the concentrations 
c=cs, (6) 
Near the electrode we will analyze the distribution of the potential and concentrations only in the dif- 


fuse portion of the double layer, i.e., at x =Xg, where x9 = thickness of the Helmholtz layer (we are disregarding 
any differences between the x» values of the cations and anions). 


At the point x the potential assumes the value yy, while the current density satisfies the expression from 
the delayed discharge theory 


j= key (Xp)e (7) 


where cy(Xg) = concentration of reacting ions; yy = potential at the boundary of the Helmholtz layer, i.e., 
at the distance of one ionic radius from the electrode surface; gp» = electrode potential; «a= a constant smaller 
than one; and k = the rate constant for the electrode reaction. 


In order to find the distribution of the potential and the concentration within the entire solution (at 
Xg = X < @) we will take advantage of the fact that the concentration of the inert electrolyte is large as com- 
pared to that of the reacting ions; moreover, the potential satisfies Poisson*s equation, while the concentrations 
satisfy the usual transference equations and all the boundary conditions. Thus, we can discard the concentra- 
tion of the reacting ions in equation (4), At the same time it follows from Equations (2), (3), and (4) that the 
distribution of concentrations and of the potential g in the double layer coincides with the distribution in an 
equilibrium double layer, In particular, when Z,= z3= 1, we can write 


o=—2In 


Knowning the potential distribution we can integrate Equation (1) directly and get the distribution of the 
concentrations of the reaction ions, This gives us 


eA? j — 210 
(x) =e (const + dx) (10) 

Equation (10) contains two unknown constants = the current density j and the integration constant. The 
latter may be determined from the condition that the solution of Eq. (10) must have a — form and from the 
distribution of the concentration cy in the x >A region. The solution yields const = cy". 


Substituting the potential distribution into Eq, (10) we can get the final expression for cy(x). An analysis 
of the integral in Eq. (10) reveals that the major contribution to this integral comes from the region x « A, 
where the expression g can be simplified if ~y > 1. The solution gives the following for cy(x9), 


Cy (xy) = cio RST exp{— “a7 (11) 


The boundary condition (7) gives 
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ko) exp {(21 a) bi — 
2Ak 1 | 


(12) 


At the same time the potential at the boundary of the Helmholtz layer, ¥y (when ~y >» 1), can be ex- 
pressed as a function of the electrode potential by the equilibrium relationship 


~ 21n (— + const. (13) 
When the inequality 


is fulfilled, Equation (12) reduces to the equilibrium equation derived by A, N, Frumkin and G. M, Florianovich 
and corresponds to the curve with a minimum. At high negative electrode potentials, Inequality (14) is re- 
versed and Eq. (12) changes into the limiting expression 


jum exp + 5) da}. (15) 


which was obtained by us in [1], and which corresponds to a relatively slowly decreasing j);;, with change in 
the electrode potential gp». 


Thus the full change in j(gg) is expressed by a curve with one minimum and one maximum. For certain 
values of the constants the maximum and the minimum come close to each other, with the result that over a 
segment of the curve the current will change relatively little with change in gp 


In the present work, we are not taking into consideration the detailed structure of the double layer or any 
possible local variations in the functions affected by the cations located nearest to the reaction anion. If, we 
were to consider sucha case,we would have to alterradically our computational method; at the present state 
oi the theory of the double layer such a thing is not feasible, 


In passing to the comparison between Eq, (12) and the experimental data, we have to point out that the 
experiments with divalent or other polyvalent anions either yield V-shaped curves (without a subsequent drop), 


or, as in the case of Fe(CN)g [3, 6], curves which at first drop with increase in gg then terminate in a broad 
plateau. 


The discrepancy between the theoretical Eq. (12) and tie experimental data could be connected with 
the fact that we did not consider the changes in the potential ~y along the electrode surface, nor any other 
changes in the nature of the elementary processes during the transition towards more negative potentials, for 
example, the changed adsorption conditions or the increased probability of nonadiabatic electronic processes 
on highly charged negative surfaces, 


As we have already pointed out in [1], the problem connected with the formation of ion~pairs or ionic 
complexes of the type KS,Og,_ during the reduction of SO," deserves a particular attention, At the same 
time we have to distinguish two limiting cases, 


1) A case where the ion-pairs participate in the reaction while in the bulk of the solution the equilibrium 
between the ion-pairs and their components is preserved. In this case, Equation (12) is valid for the treatment 
of the problem, provided the equation is appropriately changed, for example, by decreasing the value of 2, to 
one. 


2) In the second limiting case we can assume that the concentration of the ion-pairs in the bulk of solu- 
tion is very low and that the reaction rate is determined by the rate at which they are formed within the 
double layer. For this it is necessary that the anions with charge z be able to approach the cations forming 
the Helmholtz shell of the double layer. Under these conditions it should be possible to express the reaction 
rate by an equation of type (15), provided it were possible to correct it so as to account for the changes in the 
potential along the electrode surface. 
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It may so happen that when the ion~pairs participate in the electrode reaction the nature of the reacting 
species changes with a changing potential. In other words, that with an increasing negative potential the frac- 
tion of the ion-pairs participating in the reaction may increase. 


I take a great pleasure in expressing my gratitude to Acad. A, N. Frumkin for a highly valuable dis- 
cussion of the problems covered in this communication. 
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INFRARED ABSORPTION SPECTRA OF ETHYLLITHIUM DISSOLVED IN 
BENZENE, HEXANE AND DIETHYL ETHER 


V. N. Nikitin, G. V. Rabova, and N. V. Mikhailova 
Institute of High- Molecular Compounds of the Academy of Sciences USSR 
(Presented by Academician A. N, Terenin, September 23, 1958) 


Certain organolithium compounds exist in the associated state in solutions. This fact was variously estab- 
lished, particularly through cryoscopic measurements [1, 2] and infrared absorption spectra (2, 3] However, in 
the case of ethyllithium the cryoscopic measurements did not allow any unequivocal conclusions as to the struc- 
ture of the complexes formed. Thus, in work [1], the authors maintained that in benzene the ethyllithium is 
dinierized. Similar measurements conducted by other authors [2] led them to the conclusion that the ethyl- 
lithium exists in the form of hexamers, 


The infrared absorption data also needs some refinement. Thus, in a short communication [3] the 875 
em! band (observed in a benzene solution of ethyllithium) was assigned to the C = Li bond vibration in associ- 
ated molecules, while in paper [2] this same band was assigned to the unassociated molecules. Besides this, 
the two works report a different number of absorption bands in one and the same region. 


In the present work, we studied the absorption spectrum of ethyllithium in benzene, hexane, and diethyl 


ether. One would expect that the ether oxygen, by acting as an electron-acceptor, would be able to complex 
with ethyllithium. 


EX PERIMENTAL 


The crystalline ethyllithium was prepared from lithium metal and ethyl chloride in a benzene solution, 
followed by the evaporation of the solvent. The crystalline C,HsLi was washed three times with cold hexane 
and dried in vacuo. All the operations were carried out under dry purified nitrogen. We took all the necessary 
precautions to protect CgHgLi from decomposition. The absorption spectrum of the dissolved ethyllithium was 
determined in a single-beam infrared spectrophotometer with a NaCl prism. To exclude the solvent absorption, 
the spectra were recorded in two identical cells, whose thickness was d = 0.2 mm. One of the cells was espe- 
cially built by us and had a variable thickness [4], The spectra were registered by means of successive solvent — 
solution absorption measurements, The cell with the fixed thickness was sufficiently tight [5], and no visible 
decomposition of ethyllithium occurred during the measurements. The cell lining, which determined the thick- 
ness d, was made of polyethylene. 


In Fig. 1, I,we have drawn the absorption spectrum of ethyllithium dissolved in benzene. 


To resolve the question regarding the state of association of ethyllithium in benzene, and to find out 
which absorption bands correspond to the associated and which to the unassociated molecules, we studied the 
optical density ratios at two concentrations. Let the optical density be De, when the concentration of ethyl- 
lithium is Cy, and De, after a two-fold dilution (C, = 1/2 Cy). If there were no association, then according 
to Beer-Lambert's law we would have 


_ 


| 
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The ratio (1) is larger than 2 for bands belonging in the associated molecules and smaller than 2 for bands be- 
longing to the bonds in unassociated molecules. 


Let us look at the optical density ratios for the absorption bands of ethyllithium dissolved in benzene; 
the two concentrations are: Cy = 0.64 mole/liter and C, = 0.32 mole/ liter (cell thickness d = 0.2 mm). 


v in 1104 1054 968 926 885 
4 J 1. 
De, /c, 0.6 0.7 26 25 6 


This is a pretty rough estimate of the Dc 1/ Dc, tatio since we did not consider the overlap of the ab- 


sorption bands. However, one can be fairly certain that the 1104 and 1054 cm“! frequencies are characteristic 
of the unassociated molecules, since the intensity 
of these vibrational bands are considerably increased 
0 Nyt when the C,HsLi concentration is lowered. 


Oo, 


00 Most probably the 1194 and 1054 cm“ freq- 


uencies are connected with the vibrations of the C- 
C-Li bonds in unassociated molecules.* The 968 

and 926 cm™! frequencies may be assigned to the 
C-C-Li vibrations in the associated molecules, since 
the ratio (1) is larger than 2. The assignment of the 
962 cm! to the vibrations in the associated molecules 
agrees with the assignments made in papers [2, 3}. 
In paper [ 3] the 875 cm! frequency (according to 
our data 885 cm” was assigned to the associated 
molecules. Our data on 885 cm™! frequency indicate 
that the ratio (1) is equal to 1.6. This result is in 
accord with that of paper [2], where the indicated 
frequency was assigned to the unassociated molecules. 
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In Fig. 1, I! we have shown the CjHgLi absorp- 
tion spectrum in hexane. As may be seen, the same 
absorption bands are observed in hexane as in ben- 
zene solutions of CgHgLi. 


Transmittance 


We also studied the absorption spectra of 
ethyllithium dissolved in diethyl ether, These in- 
vestigations are of a considerable interest, for there 
t are some indications that the addition of a small 
amount of ether has an effect on the catalytic poly- 
40 i merization of dienes [7]. There is a hypothesis that 

| / the ethyllithium complexes with diethyl ether. It 
q 2 is also known that the ether oxygen can participate 
in intermolecular hydrogen bonding. In Fig. 1, II 
1200 1100 1000 90 cm7! we have drawn the spectrum of ethyllithium dissolved 


Fig. 1. Ethyllithium absorption spectra. I) In benzene, 
C = 0.64 mole/ liter, cell thickness d = 0.2 mm; ID) in P 
hexane, C ~1.4 mole/liter, d = 0.2 mm; I) in diethyl 
ether, C = 1.7 mole/ liter, d = 0,06 mm; IV) in ben- 
zene with some diethyl ether added ( 7%), C = 1.1 
mole/ liter, d = 0.2 mm. 


Ether itself absorbs strongly in the investigated 
region, and therefore in the range of the ether bands 
we had to use the maximum slit opening. In such a 
case there is a danger that the recorded spectrum of 


*One cannot assign these frequencies in CgHgLi to the characteristic C-Li bond vibrations, as was done in papers 
(2, 3], since these frequencies fall in the same region as the C-C bond vibrations (see [6]). 
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CyHgLi in ether may be strongly distorted. In the present work we were mainly interested in observing the 
changes in the spectrum of CgHgLi when it was dissolved in diethyl ether instead of benzene. In connection 

with this we obtained an additional spectrum of C,HgLi in benzene; the spectrum was recorded under conditions 
similar to those used with the ether solution (same slit openings and similar pointer deflections on the EPP-09 
recorder, while the amplification coefficient in the amplifier was decreased). When recorded under these con- 
ditions the spectrum of C3HgLi in benzene was practically identical with the one obtained at smaller slit open- 
ings and which is shown in Fig. 1, L By comparing the C,HgLi spectrum in benzene with that in ether (see Fig.1), 
we can see that when the compound is dissolved inether the location and number of the absorption bands are 
considerably changed. We may assume that the observed changes in the absorption of CyHgLi in diethyl ether 

are connected with the formation of an ethyllithium - ether adduct, We have also studied the absorption spec- 
trum of C,HgLi dissolved in benzene to which some diethyl ether was added ( 77%). 


One can see that the absorption bands observed on Curve ILI are also observed on Curve IV. This can be 


explained by the fact that in the benzene solution there are also quite a few molecules of CgHgLi associated with 
the added ether. 


We also attempted an investigation of the absorption spectrum of C,HsLi dissolved in dioxane, The experi- 
mental results seem to indicate that at room temperature the dioxane undergoes a chemical reaction with CjHgLi. 


We would like to thank A. A, Korotkov for suggesting this subject and M. V. Vol’kenshtein for some valu- 
able advice. 
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CAUSES FOR THE DECREASED STABILITY OF THE CRYSTALLINE 
STRUCTURE OF MONOCALCIUM ALUMINATE FORMED AT 
ELEVATED TEMPERATURES 


E. E. Segalova, Z.D.Tulovskaya, E. A. Amelina and Academician 


P. A. Rebinder 


The Chair of Colloidal Chemistry at the M. V. Lomonosov Moscow State University 


One of the most serious defects encountered with aluminate cements consists of the fact that when they 
are allowed to set at higher temperatures their mechanical strength is reduced. While studying the structure 
formation (by crystallization) in water suspensions of monocalcium aluminate, CaO - Al,Og (CA) * (the princi- 
pal mineral in aluminate cements) we confirmed the fact that the solidified structure formed at elevated temp- 
eratures was always weaker (Fig. 1). This has usually been blamed on the accelerated transition from the un- 
stable dicalcium aluminate hydrate (formed through the hydration of CA) to the stable tricalcium aluminate 
hydrate [4, 5]. However, a thermographic investigation of the hydration products showed that the compounds 


formed at 20 and at 60° C were identical. This fact is in full agreement with the results obtained by several 
other authors [6]. 


Consequently, the weaker structure resulting from crystallization at elevated temperatures has to be ex- 
plained not by the formation of a different compound, but by the changed crystallization conditions of the 
hydrate composing the structure. Actually, the maximum strength among the investigated suspensions of mono- 
calcium aluminate was attained in 3-4 days at 20° and in 3-4 hours at 60° (Fig, 1). And as one would expect, 
the hydration was over at the same time, Such an increase in reaction rate with the rise in temperature could 
only result from a change in the value and kinetics of the supersaturation in the solidifying suspension; these 
changes will essentially determine the nature of the structure formation taking place in the suspension [1 -3]. 


The supersaturation observed in CA suspensions has been measured by several authors who determined 
the CaO and Al,0, contents in the liquid phase of the suspensions [7-10]. Yet, none of them had noted that 
the stable supersaturation had a maximum value, which could be regarded as the nominal solubility of the 
anhydrous compound, All the authors referred to concluded that the supersaturated CA suspensions were un- 
stable. If should be noted that in their experiments they usually used suspensions of some fixed concentration; 


this prevented them from discovering the maximum supersaturation which is independent of the CA concentra- 
in the suspension. 


We studied the supersaturation kinetics conductometrically at the optimum mixing rate (400 rpm). To 
protect the suspension from carbonation all our measurements were carried out under nitrogen. 


One may see in Fig, 2 that the electrical conductance attained a constant level in all sufficiently con- 
centrated suspensions; it corresponded to the maximum supersaturation value or to the nominal solubility of 
anhydrous CA. With CA suspensions the constant supersaturation level was achieved much sooner than with 
tricalcium aluminate suspensions [11], but much later than with gypsum hemihydrate (2} The rate at which 


*We used in these experiments (as is usually done in our laboratory [1-3]) suspensions which contained a 
large amount (80-95%) of an inert filler (ground quartz sand) besides the cement. 
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the maximum supersaturation value was attained increased considerably with increase in the concentration of 
the suspension. 


That stable supersaturated suspensions which are independent of the concentration can exist is also in- 
dicated by the results obtained through a quantitive determination of the CaO and Al,Oy concentrations in the 
liquid phase of the suspension, after the electrical conductance had attained its maximum value. The samples 


TABLE 1 
20° 
Expt. 

Starting Sample | . 

material removed gs 
° after 9 

af 2040,3) 30 mi 

CA 30min | 1,10] 2,01] 9, 
2hr 1:00 | 2.09 | 0,95 
ahr 4,08 | 2:07] 0/93 
CiA-aq | 2043 | 4 days | 0,26] 0,23] 2,45 
CA 6040.3] 6 Min | 0,53] 0.85] 4,44 
20 Min | 4:40] 2:02] 1:25 
Min | 4.851 2,27]) 41,06 
Fig. 1. Kinetics of structure formation in Ca suspen- 
sions at 20 and 60° = plastic strength (1-3). 


The composition of the suspension was: 5% CA, 95% 
ground quartz sand, and water 30% with respect to dry 
mixture. 


removed for the analysis were taken out of the same suspension in which the electrical conductance was meas- 
ured. Analytical results (Table 1) enabled us not only to confirm the existence of stable supersaturated CA 
suspensions, but also to characterize them quantitatively. 


The maximum supersaturation value at 20° corresponds to a solution containing 3.12 g/ liter of CA; one 
should therefore consider it the nominal solubility of CA at this temperature. The data obtained indicate that 
CA dissolves congruently, since the CaO/ A1,0; concentration ratio in the liquid phase of the suspension is 1, 
which corresponds to the ratio in the anhydrous compound. 


ohm"! cm” 


l 


Fig. 2. Specific electrical conductance kinetics at 20° of suspensions 
contained in 125 ml of water. 1) 3.5 g of CA; 2) 9.4 g of CA; 3) 
12.5 g of CA; 4) 18.25 g of CA; 5) 5 g of CA ° aq. 


At the same time we determined the solubility of the 2 CaO+ AlO,* aq hydrate (C3A * aq), which was 
prepared by the hydration of CA at 20°. The solubility turned out to be 0.49 g of CA per liter of solution; it 
was in good agreement with the literature data [8]. The ratio between the CaO and Al,Og, concentrations cor- 
responded to the dicalcium aluminate hydrate (CaO/ Al,Og = 2). 


150 


4 
- 40 6° be e 
6 
20 
4 
5 
10 


We carried out similar experiments at 60°, At first, we did not detect any constant supersaturation level 
when measuring the electrical conductance (Fig. 3A). A distinct maximum was observed on the experimental 


conductance curve; as the concentration of the suspension was increased this maximum sharply increased and 
was attained in a shorter time. 


Such supersaturation curves were usually observed in highly concentrated CA suspensions, where the hydra- 
tion was so extensive that the constant supersaturation level could not be experimentally detected (8, 10]. When 
we tried to detect the supersaturation conductometrically we ran into complications, since as a result of sharply 
accelerated hydration rate a large quantity of heat was given off in a short time interval, resulting in a tempo- 
rary temperature rise and consequently also in an increased conductance. Thus, it is possible that in this case 
the sharp rise in the electrical conductance was not connected with any increase in the concentration of ions. 


Tt 


Fig. 3, Specific electrical conductance kinetics in CA suspensions at 60°. A) In pure water; 
B) in a 0.003% SCB solution. The liquid phase of the suspension (125 ml) contained: 1) 1.5g 
of CA; 2) 25go0fCA; 3) 35g of CA; 4) 5.0 g of CA; 5) 1.5 g of CoA + ag. 


These experiments have shown beyond any doubt that the rate of solution sharply increases with rise in 
temperature, but they did not make it possible to determine the value of the stable supersaturation, To achieve 
our goal we had to retard the solution of CA, without changing, however, the experimental temperature. For 
this purpose we introduced some surface~active agents—sulfite cellulose brine products (SCB); small amounts 
of these were completely adsorbed on the particles of the starting material while leaving the electrical con- 
ductance of the suspension practically unchanged [11] We found it to be most convenient to add an amount 
corresponding to a 0.003% solution of SCB, We have previously measured the electrical conductance of a plain 
SCB solution and found it to be insignificant in comparison with that of the suspension. 


By measuring the electrical conductance at 60° we found out that under these conditions, just as at 20°, 
during the hydration of CA,stable supersaturated solutions of the hydrate were formed (Fig. 3B). The maximum 
supersaturation level does not depend on the concentration of the suspension but is attained sooner at higher 
concentrations, At 60° the hydration proceeds much more rapidly, since CA dissolves extremely fast. 


Through a concurrent chemical analysis we determined the concentrations of CaO and Al,Os in the liquid 
phase of the suspension; on the basis of this we were able to make a quantitative estimate of the maximum 
supersaturation value, i.e., the nominal solubility of CA at 60° (Table 1). As it turned out, the nominal solubility 
of CA at 60° (Table 1) was only insignificantly larger than that at 20°; its value was 3.67 g/liter . 


At 60 the solubility of the aluminate hydrate, which was prepared by hydration of CA at the same temp- 
erature, was practically the same as that of the aluminate hydrate at 20° and had a value of 0.50 g/liter of 
C,A. This is in good agreement with the literature data [8] 
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The results of these experiments indicate that the sharply increased rate of hydration and structure forma- 
tion in the suspensions of CA at elevated temperatures is essentially connected with the higher rate of solution, 
since the change in the supersaturation value resulting from the increased solubility is very insignificant. 


While investigating the processes of structure formation in suspensions of gypsum hemihydrate [1], it was 
discovered that the strength of the solidifying structure was greatly reduced when the initial binder was more 
finely ground. The same phenomenon was observed in our present case. Not only a finely ground original 
binder, but particularly the raised temperature, sharply increased the solubility rate. At the same time the 
high supersaturation value lasted much longer in the solidifying suspension, which produced very finely divided 
crystals in the solidifying structure and thus highly reduced its strength, 
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THE EFFECT OF ALKALI METAL HALIDES ON THE MECHANISM 
OF THE CATALYTIC HYDROGENATION OF CYCLOHEXENE 


Academician (Acad. Sci. Kazak SSR) D. V. Sokol'skii and 
G. D. Zakumbaeva 


Institute of Chemical Sciences of the Academy of Sciences Kazakh SSR 


The effects of salts on the rates of catalytic hydrogenation in solution have not been very extensively 
investigated (1, 2} We have investigated the hydrogenation of cyclohexene on Raney nickel (0.3 g) in 0.01, 
0.1, 0.5 and 1 N solutions of KCl, KBr and Ki in 50% ethyl alcohol at 20, 30 and 40°. For the sake of com- 
parison we also carried out similar experiments without the salts. Alongside the hydrogen absorption kinetics 
we measured the potential of the powdered catalyst [3]. 


In Fig. 1, we have drawn the kinetic and potential curves obtained during the hydrogenation of cyclo- 
hexene at 20° in the presence of KCl. As may be seen from the figure, the rate of hydrogenation decreased 
with increased KCl concentration. The potential of the catalyst shifted toward the anodic region by 90 mv 
during the hydrogenation of cyclohexene in 50% alcohol in the absence of salts. In the presence of KCl the 
potential curves were displaced toward more negative potentials. One should note, though, that with increased 
KCl concentration the potential drop AE decreased. 


Fig. 1. The effect of KCl on the hydrogenation of cyclohexene over a Ni cata- 
lyst (0.3 g). Solvent ~ 50% ethyl alcohol. Texp = 20°. 1) 50% alcohol; 2) 
0.01 N KCl; 3) 0.1 N KCl; 4) 0.5 N KCl; 5) 1 N KCl. 
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In Fig. 2, we have drawn the kinetic and potential curves obtained during the hydrogenation of cyclohexene 
in the presence of KBr. As one may see from Figs.1 and 2, KCl and KBr had almost identical effects; only in 
the potential curves was there any difference observed, The reversible hydrogen potential attained 760-770 mv 


with all the investigated KCl concentrations, but with KBr it was only 800 mv. The potential drop AE in the 
course of the reaction was greater in the KBr solution, 


ml/min 


Fig. 2, The effect of KBr on the hydrogenation of cyclohexene over a Ni cata- 
lyst (0.03 g). Solvent ~ 50% ethyl alcohol. T,,,, = 20°. 1) 50% alcohol; 2) 


0.01 N KBr; 3) 0.1 N KBr; 4) 0.5 N KBr; 5) 1 N KBr. 


ml/min 


Fig. 3. The effect of KI on the hydrogenation of cyclohexene over a Ni cata- 
lyst (0.3 g). Solvent=50% ethyl alcohol. T,,, = 20°. 1) 50% alcohol 2) 
0.01 N KI; 3) 0.1 NKI; 4) 0.5 NKI; 5)1N ka. 
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Thus the hydrogenation of cyclohexene proceeded at more negative potentials and the rate correspondingly 
decreased when the KCl and KBr were added. It seems that in the presence of the salts this must be connected 
with a decreased adsorption of cyclohexene on the catalytic surface, 


The activation energy for the hydrogenation of cyclohexene increased from 2 to 6 kcal/mole as the salt 
concentration was raised, 


As may be seen from Fig. 3, addition of KI decreased the rate of hydrogenation of cyclohexene even more. 
It seems that the dependence of hydrogenation rate on the concentration and nature of the anion is connected 
with the screening of the catalytic surface, which hinders the adsorption of the hydrogenated compound and 
correspondingly increases the hydrogen concentration. The higher the salt concentration and the larger the 
ionic radius, the more effectively will the anion screen the catalytic surface. 


The potential of the catalyst increased in the order; Cl’ < Br < I. 


When we measured the pH of the experimental media, we found out that the pH was slightly altered af- 
ter each experiment (see Table 1); with KCl the medium became more acidic, while with KBr and KI more 


alkaline, It seems, that the change in the pH of the medium after each experiment can be explained by the 
changed structure of the electrical double layer. 


TABLE 1 


Electron | Halide con- | pHbefore | pH after pio a, 
affinity, | centration, the ex- | the ex- pee 


tial of the cata- 
in kcal | in N periment | periment 
lyst, in mv. 


1.81 86 0.1 6.8 6.5 760 
1,96 84 0.1 6.9 1.8 800 
2.2 16 0.1 1.3 8.3 870 


A. N. Frumkin and co-workers have shown [4] that when the cations in a neutral solution are absorbed on 
the electrode surface the solution becomes acidic, while in case of anions basic. 


On the basis of pH measurements we may assume that in a KCl solution it is the potassium cation that 
is adsorbed on the catalytic nickel surface; charge curves [4, 5] indicate that the adsorption of a cation in- 
creases the bond energy between the adsorbed hydrogen and the catalyst. 


By contrast, it is the anions that are adsorbed in the KBr and KI solutions [6]; adsorption of anions on a 
negatively charged surface increases the cathode potential even further. It seems that the Ni and the anion form 
a dipole, with the anionic electron cloud displaced toward the Ni, and consequently the adsorbed hydrogen be- 
comes much more loosely bound to the catalytic surface [4], The smaller value of the reversible hydrogen 
potential in the case of KBr is connected, first, with the greater electron affinity of the Br”, and second, with 
a smaller adsorbability. 


The bond energies of the adsorbed hydrogen decrease in the order: Cl < Br < DV. 
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DETERMINATION OF THE ELEMENTARY CONSTANTS IN THE OXIDATION 
OF ETHYLBENZENE BY THE METHOD OF INTERRUPTED ILLUMINATION 


V. F. Tsepalov and V. Ya. Shlyapintokh 
Institute of Chemical Physics of the Academy of Sciences USSR 
(Presented by Academician V. N. Kondrat*ev, October 11, 1958) 


According to current ideas the liquid-phase oxidation of hydrocarbon proceeds through a chain mech- 
anism involving the formation of substituted hydrogen peroxide as the primary stable oxidation product [1], 


At low temperatures the substituted hydrogen peroxide is also the final reaction product. In this case the re- 
action scheme looks as follows: 


Chain initiation 


Formation of radicals R and ROg, rate wy. 
Chain propagation 


ke 
R O, RO, ; 


ky 
RO, +-RH — RO.H + R. 
Chain break 


inactive 
products . 


Here RH = hydrocarbon, R and RO, = alkyl and peroxyl radicals. 
In cases where the chains are long this scheme results in the following rate equation (2): 


If the oxygen concentration Oy is sufficiently large, then Equation (1) assumes the form 


d [Oz 1 


In the case of a short chain we have to add the initial rate wj to the right side of Eq. (2). 


Equation (2) contains three unknowns; wi, kg, and kg. And accordingly, we need three independent 
equations to get a solution for each parameter. 


By carrying out the oxidation under conditions of continuous illumination we can determine the values 


ap 
2R— (IV) 
ky 
2RO, — (vD 
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of w; and d[O,}Alt by the usual kinetic methods, and thus obtain a relationship between the constants kg and 
kg. To get an individual solution for each constant it is necessary to have one more independent equation. 
Such an equation could be obtained by measuring the concentration of RO, radicals ({RO,)= {Wi /Ke). How- 
ever, the concentration of RO, in the investigated reaction is too low and cannot be determined directly. For 
this reason, in order to get the missing equation, we used in our work a special method — the method of inter- 
rupted illumination, 


The theory of interrupted illumination was reviewed in full detail in [3] By means of this method it was 


possible to measure the average life time of a chain or in other words, the average life time of the radicals, 
T. The determination yields 


ke [RO]? 


Assuming that kg[RO,]* = w;, we will get the equation 


View, (3) 


from which kg is calculated by substituting into it the known values of T and wj. 


The experimental method. The reaction rate was determined in a vacuum apparatus from the absorption 
of oxygen whose pressure was automatically regulated and recorded (see Fig. 1, where: 1 = light source; 2, 6= 
lenses; 3, 7 = light filters; 5= diaphragm). The pressure was regulated by means of manometer 12 whose con- 
tacts k and J were linked with the electrolytic cell 11 through a current amplifier. In order to record automati- 

cally “the reaction rate we passed a steady current through a platinum wire which was stretched in the gas 
burette 10, The outlet 13 of this wire was hooked up to the EPP-09. 


to the shaker 2 A 4 tothe pump 


motor 
a all 


Fig. 1, Schematic diagram of the apparatus, 


For a light source we used a mercury lamp SVDSh~250, which operated on direct current. As may be 
seen in Fig. 1, the light, ( A > 380 mp) after passing through an appropriate optical system, falls in a parallel 
beam on the reaction vessel 9 (volume 5.5 cm*) placed in the thermostat 8. The light was interrupted by means 
of a rotating disc 4 with slits (the ratio of light interval to the dark one was 1; 3). The length of the light im- 
pulse could be varied from 0,002 to 10 sec. During the experiment the reaction vessel with agitated in the 
direction of the light beam at the rate of 8 cycles per second. At this rate the diffusion of oxygen into the 
liquid phase did not limit the reaction. We purified the ethylbenzene by shaking it with 5% fuming sulfuric 
acid, then with sodiummetabisulfite, after which we washed it several times with ‘vater, dried over sodium 
metal, and distilled at 15 mm. To determine the initiation rate, we used as inhibitors a- and B8-naphthols 
(analytically pure grade), Chemically pure anthraquinone was used as a sensitizer. The concentration of 
anthraquinone in ethylbenzene was 1.4 x 1074 mole/liter. At this concentration less than 9% of the incident 
light was absorbed. The experiments were carried out at Po, = 1 atm in the 0-90° temperature range. The 
degree of conversion did not exceed 0.5% of ethylbenzene, Without the sensitizer the rate of this photochemical 
reaction was almost nil. 
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; Determination of the initiation rate. In the presence of an inhibitor, which reacted with the radical 
RO2, an additional reaction was introduced into the oxidation scheme 


RO, destruction of the radical. (VID) 


At a sufficiently high inhibitor concentration the rate of the inhibited reaction would be 


d 
dl 


wii + (4) 


where [B] = concentration of the inhibitor. 


One can see from Eq. (4) that d[O9]/ dt is a linear function of 1/[B} In the limiting case where 1/ [B]=0 
d[O3]/ dt = w;. The experimentally determined d[O2]/ dt as a function of 1/(B] is shown in Fig. 2, As is clear 


from the Figure, the experimental data satisfies Equa- 
? tion (4) fairly well. The fact that the lines for the 
inole/ liter + sec 
two inhibitors, though at various temperatures, meet 
le at one point indicates that the addition of inhibitors 
al does not change the initiation rate proper,* and that 


Lo the rate of initiation is independent of temperature. 


—o- The latter fact that utilized in the direct de- 

of 42 09 termination of wj. We, measured the reaction rate 
, . 1 as a function of temperature (Fig. 3). From the shape 

of the obtained curve it is evident that at sufficiently 

Fig. 2. Dependence of the initial reaction rate on the 
inhibitor concentration, 1) 8-Naphthal, 10°; 2 ce ent of temperature. In this temperature, periments 
naphthol, 70°; 3) B=naphthol, 29° C. have demonstrated that the values of w; obtained by 

, the inhibitor method and from the temperature de- 
pendence of the reaction rate are in practically full agreement. Later on the initiation rate was always deter- 
mined by the second method, since it gave more exact results with a smaller loss of time. 


6 “(mole/ liter) 


O52 
mole/ liter- sec 


Vi 


20 6 80° 


¢t 


Fig. 4. Determination of the life-time of 

the ROgradicals, The circles denote experi- 

of temperature, mental data at 70°; the dotted line gives the 
theoretical curve for T = 0,13 sec, 


Fig. 3, Reaction rate as a function 


Determination of the life time of peroxide radicals. In Fig. 4, we have drawn one of the curves obtained 
by the method of interrupted illumination. This curve represents w/ Wg as a function of log A, where w = re- 
action rate with interrupted illumination, we = reaction rate with continuous illumination, and A = length of 
a light impulse, in seconds, The theoretical curve for tT = 0,13 sec was constructed according to the tabulated 
data in (3} As is clear from the graph, the experimental points fit fairly well on the theoretical curve. 


*This method of determining w,; was described in paper [4]. 
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From Equation (3) it follows that at a fixed temperature 
= const. 


TABLE 1 The values of tT /wj , obtained for various wj at two tempera- 
tures (70 and 90°), are listed in Table 1. 


O 
a. pe wa, Mba ate ; It is evident from the table that, within limits of ex- 

perimental errors, kg has the same value at 70 and 90°. There- 
& _|literesec liter sec | fore, from now on we will assume that the activation energy 

70] 2.63 { 0,148 ‘ for the recombination reaction Eg = 0, 


1,98 ‘ 0,142 
2,48 ‘ 0,139] 2,: From the average value of ky, and from the mea 


90 | 2,14 0,133 ured values of d[O,]/ dt at various temperatures, we de- 

2,24 25, 0,143 termined the rate constant kg by using Equation (2), and 

0,15 a then the value of ky for a= and B-naphthol from Equa~ 
tion (4): 


kg = 1.2+ cm/sec, 


kg = 3.6 * 10°“ cm/sec, 
ky = 8/sec (for B-naphthol), 
ky = 8.3° 1078 cm/sec ( for a-naphthol at 70°) 


On the basis of general concepts one would expect that the reactivity of various Re-O—O-radicals should 
not depend on the nature of the hydrocarbon radical R, since it is far removed from the location of the free 
valence, Indeed, when compared, the values of kg obtained by various authors are quite similar for the major- 
ity of hydrocarbons. The values of kg for ethylbenzene and tetralin [4] are practically identical. For a series 
of unsaturated hydrocarbons the constant kg is smaller by 1-1.5 orders of magnitude [5]. Cumene (isopropyl- 
benzene) is an exception [6] (kg = 6.6 x 107"" cmY sec). 


The literature does not list any values of ky for « and §-naphthol. From the data listed in work [7], we 
calculated ky for the reaction between 8~-naphthol and tetralin peroxyl radicals, ky = 3.3 x 107"? cm/sec 
(at 25). According to our data for ethylbenzene, ky = 0.6 x 107"? (at 25°); so that the difference in the values 
of the ky constant is also small. 
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THE VIBRATIONAL RELAXATION OF DIATOMIC MOLECULES 


E. E. Nikitin 
Institute of Chemical Physics USSR Academy of Sciences 
(Presented by Academician V. N. Kondrat*ev, October 25, 1958) 


The question of the relaxation of the nonequilibrium vibrational distribution function and its relationship 
to the theory of nonequilibrium chemical reactions has been the subject of a number of works (see, for exam- 


ple, (1, 2]). For the case of a harmonic oscillator [1], the transition probabilities are usually calculated using 
the formula of Landau and Teller [3] 


Pa, nti = k(n + 1); Pas ntp = 9, (1) 
in which n denotes the number of the vibrational level. 


For the case of an anharmonic oscillator, it has been assumed in [2] that Pp nyp satisfy the relation- 
ships 


Pan =k(n Prange = (n+ l)(n+2); 


Pn, ntp = 9, (2) 


where the anharmonicity coefficient € is equal to tiwg/4D( wp is the fundamental frequency of a diatomic 
molecule and D is the dissociation energy). 


The difference between (1) and (2) is due solely to the fact that the calculation of the transition prob- 
abilities was carried out in the first case using the wave functions for a harmonic oscillator and in the second 
case using the wave functions for an anharmonic oscillator. It can be easily shown, however, that the formula 
of Landau and Teller applied to an anharmonic oscillator leads to a different relationship between the transi- 
tion probabilities and the vibrational quantum numbers, 


According to [3] we may write, for a ane- quantum transition 
Pa, n4i=e(n+ l)exp[—3 x (n)] (3) 


where the magnitude of y(n) is proportional to(En+, = En) ¥s and is equal to 5-10 for different molecules 
at ordinary temperatures [4], while c is independent of n, For a Morse oscillator, which describes a diatomic 
molecule with sufficient accuracy whenn « 1/, €, we may write 


(En 41 — En)" = [hwy (1 —2 en)]"% = (1 — Len). (4) 


Substituting (4) in (3), we have 


Pain 41 =C(n +1) exp [— 3x (0) +4 x (0) en] = k(n +1) exp [4y (0) en] 
=k(n-+1) x", 
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from which (1) follows when € = 0. It is important, however, that even at a low anharmonicity the exponen- 
tial term in (5) may be large, since (0) is a comparatively large quantity. 


For many quantum transitions n-» n+ p, the probability Py n+p is proportional to the factor 
ePtexp[-3p¥3_ y) and is smaller by many orders of magnitude than the probability Py n4s- We may there- 
fore assume with sufficient accuracy that 


Pantp=0, (6) 


Since the expressions (5) and (6) are essentially different from (1) and (2), it is to be expected that the 
relaxation of a system of anharmonic oscillators differs considerably from the relaxation of a system of harmonic 
oscillators, We would point out that the opposite conclusion is reached in [2]. 


The relaxation of the vibrational distribution function x,(t) for an anharmonic oscillator is described by 
the system of equations 


= Bam Xm (t), (1) 


in which the elements of the matrix B are expressed by the transition probabilities (5) and (6). The approxi- 
mation of xp(t) to equilibrium may be characterized by the relaxation times, defined by the expression 


tn= J t (t)—xn(co)] dt = J xn dt. (8) 


Ty, in this expression is dependent on the initial distribution xp(0). Let us examine the 6-type initial 
distribution x,(0) = 6,,,, and introduce the corresponding notation Tym. The magnitude of Tp for any 
initial distribution may be expressed in the form Ty = $ am Tpm in view of the linearity of (8). 


An integral of the type in (8) may be formally expressed by the matrix B-! (see, for example, [5]). When 
this is actually calculated it must be borne in mind that the first ( tg) true value of¢ the matrix B corresponds 
to the equilibrium distribution and is equal to zero, so that the reciprocal matrix B~! does not exist. It is, 
however, easy to overcome this difficulty if we consider fiist of all a decaying oscillator with a finite number 
of discrete levels and then reduce the decay rate constant to zero. In this way the expression (8) can be used 
to give the expression 


Tam = [Bam —Xn (00) / (9) 


Following [5] in the calculation of ~~. and using for # the expression derived previously [6], we can show 
that when n, m » 1 


4 
Tam == EXP (— E,,/kT) P j, i441 (— E,/kT) ’ n<m,; 


(10) 
| 
Tam == exp (— Pi, E,/kT) 


3 
V 


Substituting the value of P| j 4 4 from (5) in (10), and assuming that when j « 1/2 €, Nw(j)/kT = 
Nwej/KT = @j, we have 


{U1 — yexp(—8)} (n +1) + O(-), 


(11) 


Tam = {[1 -— exp (— 9)] (m 1) exp [0 (m — n)] + n>m. 
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For a harmonic oscillator (i.e., when € = 0) the magnitude of T pm (11) agrees with that calculated earlier 
by a different method [7]. 


When n, m~ 1, the value of Tp is not defined by the expressions (10) and (11). Moreover, when n is 
of the order of several units, T);, becomes negative. This means that as equilibrium is approached the dis- 
tribution function in the lower vibrational levels remains smaller than the equilibrium function. The change 
in the sign of T,,, at low values of n also follows from the normalization cendition £T pm = 0. 


As an example of the application of expression (11) let us consider the vibrational deactivation of an 
oxygen molecule 


O3(n) + O3(n —1) + Na, (12) 
which has been studied by Norrish and co-workers [8]in an examination of the flash photolysis of chlorine di- 
oxide. The vibrational relaxation of the oxygen molecules in reaction (12), with an initial §-distribution, at 
m = 8, corresponding approximately to the experimental conditions for the formation of Og,* has been examined 
by Shuler [9] on the basis of a harmonic oscillator model. It was found that the calculated half-decay time 
for the population of the sixth level was greater by approximately one order of magnitude than the experimental 


value, even at the very high nitrogen pressures at which the experiment was carried out (~ 600 mm). From this 
it follows [9] that reaction (12) cannot complete with the parallel reaction involving deactivation of oxygen 


O3(n) + CIO-> O3(n — 1) + CIO. (13) 
According to [8] this conclusion is accurate within the range of Ng pressures studied, . 


In the calculation of Tp, however, the anharmonicity of the vibrations of the O, molecule must be 
taken into account. From (11) it follows that 


Tam(harm)tam (14) 


where Tpm(harm) is the relaxation time for a harmonic oscillator. Using the calculation method of Schwartz 
and Herzfeld [4], together with the spectroscopic data for the oxygen molecule [10], we obtain y(0) =10(T= 
288° K) we = 1580 cm™ and D= 118 kcal/mole, from which we find that 4y (0) € = 2/5 and that 


10. (15) 
It is thus shown that at Ng pressures greater than 600 mm, reaction (12) may compete with reaction (13). 


By making use of the relaxation time Tpm, we may calculate comparatively easily the relaxation time 
of any physical quantity characterizing a molecule, Let us calculate, for example, the reiaxation time of the 
vibrational energy defined by the expression: 


Assuming 1 « m « 1/2 €, we may approximate and write E, = fiwen, and also neglect the inaccuracy 
introduced into the sum in (16) by two or three of the first terms, which is related to the fact that the expression 
(11) is not applicable when n~ 1. For simplicity, we also assume that exp(- 6) « 1, so that the terms de- 
creasing exponentially in the sum in (16) when n > m may be neglected. We then have E (0)- E(oo)~ Nw»gm 
and 


m 
> hOoNtam ~ > ho [1 — exp (— n 1 
n=0 


From (16) and (17) we obtain accurately, up to terms of the order of 1/m?, 


te = —pexp (— 
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For a harmonic oscillator y = 1 and (18) acquires the form: 
te = {k[1 (19) 


We thus obtain the well-known result for the relaxation of the vibrational energy of a harmonic oscillator: 
the relaxation time is independent of the initial distribution [3]. We would also point out that in this case the 
approximate formula (19) coincides with the exact expression for the relaxation time [3], For an anharmonic 
oscillator the relaxation time for the vibrational energy decreases with increase in the energy at the initial 
moment of time, The fact that this relationship exists indicates that the relaxation of the vibrational energy 
of an anharmonic oscillator cannot be described by the differential equation 


Ihave to express my gratitude to Professor N. D, Sokolov for discussion of the present work. 
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THE ISOTOPIC EXCHANGE OF NITROGEN BETWEEN AMINO 
COMPOUNDS AND LIQUID AMMONIA 


L. L. Strizhak, S. G. Demidenko and Corresponding Member 
AN SSSR A. I, Brodskii 


L. V. Pisarzhevskii Institute of Physical Chemistry, Ukr. SSR Academy of Sciences 


The isotopic exchange of nitrogen has been little studied up to the present [1]. In particular, little 
attention has been paid to the exchange of nitrogen in organic compounds, ammonia and its derivatives. No 
appreciable exchange has been detected in solution -etween the ammonium ion and the nitrate ion [2], be- 


tween ammonia and a number of amino acids [3], or between ammonium chloride and a number of primary 
and secondary aromatic amines [4} 


In the chemistry of organic nitrogen-containing compounds, the study of the relationship between struc- 
ture and the mobility of amino and imino groups is of particular interest. We have therefore made a study 
of the exchange of nitrogen between liquid ammonia and substances containing these groups. Qualitative data 
for a number of these compounds, together with preliminary data on the kinetics of exchange in a nunber of 


cases, have been published by us earlier [5]. The present article presents new results of a more accurate study 


of the kinetics of the exchange and of its acid catalysis, These new data are in complete accordance with the 
exchange mechanism suggested earlier. 


The experiments on the study of the exchange process were carried out as follows. The ammonia was 
prepared in an evacuated apparatus by the reaction between KOH and ammonium nitrate containing 8-9% n® ; 


it was then dried thoroughly by being frozen and evaporated three times in three traps in series cooled with 
liquid air, after which it was collected in a vessel for storage. 


The experiments were carried out using thick-walled ampoules of molybdenum glass, with an internal 
diameter of 2-3 mm. The ampoule containing the weighed sample of the organic substance was connected 
to the apparatus, evacuated, and cooled with liquid air, after which the calculated quantity of ammonia was 
frozen into it from a measured volume. The ampoule was disconnected and heated for the necessary time in 
a thermostat, after which it was frozen, opened and transferred to a tube connected to the apparatus. The cal- 
culated quantity of hydrochloric acid was added to another tube of the same apparatus. Both tubes were cooled 


with liquid air and evacuated; the coolant was then removed and the ammonia liberated was absorbed by the 
acid. 


When the ammonia had been distilled off,the organic compound was treated with concentrated sulfuric 
acid according to Kjeldahl's method, the reaction mass neutralized with alkali and the ammonia produced 
distilled into a solution of hydrochloric acid. 


The NH,Cl samples obtained from the ammonia or from the organic substance were oxidized with sodium 
hypobromite. The isotopic composition of the elementary nitrogen liberated in the process was determined 
using a mass spectrometer, with a total relative error of 3-5%, 


All the solutions studied were homogeneous at the temperature of the exchange. After the exchange 
and removal of the ammonia by distillation, the melting points of the substances remained the same as before 
the experiment. The exchange in acid medium was carried out in N NH¢l. The latter was prepared from the 


| 


original ammonia containing 8% of the heavy nitrogen isotope, and was added to the ampoule before the latter 


was filled with the ammonia. 


In previous experiments the percentage exchange was found from the change in the n* content of the 
ammonia, which is insufficiently accurate when the exchange is slight or when a large excess of ammonia is 


2 


Fig. 1. Change in ~In(l-z), where z is the exchange 
fraction, with time, 1) trichloroacetamide, 25°; 2) 
2,4-dinitroaniline, 150°; 3) urethan, 140°; 4) 2,4,6- 
trinitroaniline, 100°; 5) p-nitrobenzamide, 180° 
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Fig. 2. Change in -1n(1-z) with time for urea; 1) 
at 80°; 2) at 90°; 3) at 100°; 4) in 1.0 N NH,Cl 
at 100°, 


used, In the experiments which we carried out, the percentage exchange was found chiefly from the n® con- 


tent of the dissolved substance. In a number of experiments the N® content of the ammonia was also meas- 
ured, 


The rate constant and half-exchange period were calculated as usual from the monomolecular equation, 
without corrections for concentration, since in this case these are smaller than the experimental errors, It can 
be seen from Figures 1 and 2 that the exchange kinetics are given exactly by this equation. The wide differences 


TABLE 1 


Exchange in Acetamide and Benzamide 


Moles 
amide 
mole o 


NHg 


change, % 


| ‘ 


Time, from 
hours NH; 


from the 
amide 


Time, 
hours 


Exchange, % 


from 
NH, 


from the 
amide 


Acetamide, 180° 


2,5 
4.0 
6,0 
8,5 


0,7 
1,3 | 54, 
1,3 
2,0 | 70, 


25,0 
42,7 
56,8 
70,8 


mide + 1.0 N NH,Cl, 120° 


33,3 
55,0 
52,8 
73,9 


0,118 
0,134 
0,135 
0,137 


0,578 
0,609 
0,614 
0,635 


Benzamide, 180° 


3.0 
5.0 
8.0 


Benzamide + 1.0 N NH,Cl, 160° 


0,7 
1,3 
2,0 


17,4 
25,9 
39,4 


43,2 
61,4} 54,8 
70,2 


| 23.6 


in the rates of exchange and solubilities made it impossible to compare the exchange kinetics at identical 
temperatures and concentrations. In each case the experimental conditions were chosen on the basis of the 
results of a number of preliminary experiments, in such a way as to make possible a comparison of the effects 
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of substituents in substances of the same general type. The concentrations were chosen in such a way as to en- 
sure that the solutions were homogeneous at the temperature of the experiment and to give as closely as possi- 
ble a molar ratio of ammonia to dissolved substance of 1:1. The fact that the densities of the solutions were 
not known rade it impossible to calculate all rate constants for unit concentration. Recalculation in this way 


would change the values of certain of the rate constants by less than 50%, which is not significant for the pur- 
poses of the comparisons made below. 


TABLE 2 


Rate Constants and Half-Exchange Period 


Moles substance 
Substance | Temp.°Cc |permoleof  |k,hours4 Ty, hours 


Trichloroacetamide 25 3,6 0.19 

The same + NH,Cl* 25 exchange completein 2 min 
Acetamide 180 0,13 
The same + NH,Cl 120 0,64 
Benzamide 180 0,060 
The same + NH,Cl 160 0,69 
p-Nitrobenzamide 180 0,19 
The sime + NH,Cl 1,51 
Urethan 0,35 
2,4-Dinitroaniline 0,53 
The same + NH,Cl 3,6 
2,4,6-Trinitroaniline 0,25 
Urea 0,037 
The same 0,13 


The same 0,39 
The same + NH,Cl 2,9 


| | 
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*1.0 N NH,Cl in all cases. 


The exchange in urea was studied at three temperatures. The rate constant is given by the Arrhenius 
equation with an apparent activation energy of 30 kcal/ mole. 


The results of the measurements for acetamide and benzamide are givenin Table 1. To save space, the 
data for the other substances are given in less detail in Figures 1 and 2 and Table 2, 


DISCUSSION OF RESULTS 


As a result of measurements published earlier [5], which have been supplemented by certain new data, we 
have found no appreciable exchange at 200° over periods of 50-100 hours in experiments with o-, p- and m- 
nitroanilines, nitrobenzene, p-toluidine, p-anisidine and benzylamine; at 120 over periods of 100-200 hours 
with o- and p-aminophenols, o- and p-phenylenediamine hydrochlorides, p-chloroaniline, p-bromoaniline, 
p-iodoaniline, benzidine, benzidine hydrochloride, a- and 8-naphthylamines, w-aminoanthraquinone, phena- 
zine carboxylamide, pyridine, a- and B-aminopyridine, methylamine hydrochloride, ethylamine, 2,4-di- 
nitrophenol and picric acid. In studies of the mechanism of the condensation of aromatic amines, B. A. Geller, 
R. Yu. Sheinfain and one of us [4] detected no exchange at 170-240 over periods of 6-30 hours with aniline, 
diphenylamine, benzanilide, benzo-a-naphthalide and phenyl-a-naphthalide with NH,Cl. 


It follows from these data that even under very severe conditions, liquid ammonia does not exchange nitro- 
gen with the nitro group, ‘with the nitrogen of the pyridine ring, or, which is more important in the present in- 
stance, with the amino group, when this is directly attached to the carbon of an aromatic nucleus or alkyl group. 


Exchange with the amino group takes place when strongly negative substituents, such as the nitro group 
or the sulfonic acid group, are introduced into the nucleus. No exchange takes place with o-nitroaniline, but 
exchange takes place with 2,4-dinitroaniline and much more rapidly with 2,4,6-trinitroaniline. As was found 


earlier (5), no exchange takes place with 2-aminopyridine but exchange takes place slowly with 5-nitro-2- 
aminopyridine. Exchange is also observed with sulfanilic and naphthionic acids. The considerable increase 
in the rate of exchange for trichloroacetamide compared with acetamide, and the smaller increase in the rates 
of exchange for p-nitrobenzamide and 4=nitrophthalimide compared with unsubstituted benzamide and phthal+ 
imide, must also be ascribed to this same influence of the negative substituents. 


Comparatively rapid exchange is observed in the case of those compounds in which the amino group is 
attached directly to the strongly polarized carbon of the carbonyl or analogous groups C = X, where X is O, S 
or NH, as in the amides or derivatives of urea, The rates of exchange for the amides decrease along the series: 


CCls-CO-NHy > CHs-CO-NH: > C;Hs0-CO-NHg > NO CeHy-CO-NHz > CgHs-CO-NHg, 


in which the half-exchange period varies between 0,2 hours at 25° and 11. hours at 180°. This series shows 
clearly the increase in the rate of exchange with increase in the electrophilic nature of the carbon atom, re- 
sulting both from conjugation and from the inductive effect of the negative substituents in the group 


<Ct— NH3- 
(o- 


Similar relationships are observed in the case of deratives of urea, where the exchange again depends 
on the electrophilic nature of the carbon atom to which the amino group is attached. Thus, comparison of 
the data in Table 2 with those obtained earlier show that 


NH, > and > 


It can be seen from Tables 1 and 2 that the rate of exchange is greatly increased by the presence of the 
ammonium ion, which behaves as a strong acid in liquid ammonia, This is again related to the increase in 
the electrophilic nature of the carbon atom when a proton is attached to the C = X group. 


All the features of the exchange of nitrogen in amino compounds which have been considered indicate 
bimolecular mechanism of(SN2) nucleophilic substitution of the amino group in the organic substance by 
an amino group from the ammonia molecule, with transfer of the proton from the latter to the amino group 
which is displaced: 


Nc — + NHg ——> No— + NHs- 
Fie 4 


As has already been pointed out, this mechanisn is analogous to that put forward earlier [4] for the con- 
densation reaction between primary and secondary aromatic amines. The relationship between the mobility 
of amino groups and structure, and the mechanism of a number of other reactions connected with the removal 
of amino groups, may evidently be explained from these standpoints, 
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THE SURFACE TENSION OF METALLIC INDIUM 


O. A. Timofeevicheva and P. P, Pugachevich 
N. S. Kurnakov Institute of General and Inorganic Chemistry USSR Academy of Sciences 


(Presented by Academician L 1. Chernaev, October 25, 1958) 


The aim of the present work was to study the variation in the surface tension of indium with change in 
temperature; a knowledge of this relationship is required for the solution of certain problems arising in connec- 
tion with preparation of semiconducting materials. 


The earliest reports on the surface tension of indium are apparently those given in the Liquid Metals Hand- 


book [1}, In this work it is reported that the surface tension of indium in the temperature range 170-250° is equal 
to 340 dynes /cm. 


Melford and Hoar [2] report that they have adopted an improved method involving the use of two capillar- 
ies and have found a linear relationship between the surface tension © of indium and the temperature, within 
the temperature range from 156 to ~400° 


o = 574.7 — 0.10 t, (1) 
where t is the temperature in°C, 


The difference between the values of © for indium given in these two works [1, 2] is considerable and 
amounts to almost 220 dynes /cm at 170°, 


The improved method involving the use of two capillaries required the use of an inert gas, while it was 
assumed that the wetting angle between the molten indium and the material of the capillary was equal to 180° 
and independent of temperature. This assumption, which is valid only as a first approximation when certain 
pure metals are being considered, cannot be made in the case where measurements are being made of the sur- 
face tension of metallic solutions containing added surface-active materials. For this reason, we have based 
our measurements of the surface tension of indium and its alloys on the maximum drop pressure method, by 
which it is not necessary to take into account the wetting angle, and have carried out the studies on the surface 
tension of indium using gravity apparatus of molybdenum glass under conditions of high vacuum. 


The gravity apparatus (see Figure 1) was given a thorough high-temperature treatment under vacuum for 
many hours, after which approximately 10 cc of molten indium was introduced through the tube E; the ap- 
paratus was sealed off while still hot and disconnected from the vacuum assembly, after which it was placed, 
together with the rotating frame to which it had been previously attached, in an air thermostat fitted with ob- 
servation windows, When the apparatus was rotated clockwise in the plane of Figure 1 through an angle slight- 
ly greater than 90°, the liquid indium from B and C was transferred to the reservoir P, When the apparatus was 
returned to its original position, the indium began to flow slowly through the capillary f into the manometer 
tube C, at the same time filling the calibrated capillary F, When the maximum pressure was reached in the 
drop which formed at the end of the capillary F, drops of indium began to detach themselves. From a know- 
ledge of the radius of the capillary F, the height of the column of liquid indium above the end of the capillary 
and the density of indium at the temperature in question, it was possible to calculate the surface tension of in- 
dium using Cantor's formula [3]. 


| 


When the surface tension had been measured at different temperatures, the liquid indium was transferred 


to the vessel D by rotating the apparatus clockwise through an angle of 360° about an axis perpendicular to 
the plane of Figure 1, after which the apparatus was cooled. 


The indium which was studied was 99.995% pure and contained 0.003% Pb, 0.0001% Cd and 0.0001% Zn, 
together with traces of Cu, Fe, Ge, Ag and Sn. These impurities are either weakly surface-active relative to 
indium (Pb, Sn, Zn) or surface-inactive (Cd, Fe, Cu, Ge, Ag), so that their presence in small quantities in the 
indium could have no significant influence on its surface tension. 


dynes/cm 


550 


60 200 250 300 30 40 4&0 500°C 
Fig. 1, Gravity apparatus for the meas- Fig. 2. The surface tension of indium according to the data 
urement of the surface tension of indium. of Melford and Hoar (1) and according to our data (2). 


We have made approximately 500 separate measurements of the surface tension of indium in the tempera- 
ture range 170-500° and have found that the surface tension is a linear function of the temperature (Figure 2) 
and may be expressed by the equation 


= 569.3 0,085 t, (2) 
calculated by the method of least squares. 


In order to calculate the surface tension from Cantor's formula it is necessary to know the density of in- 
dium at the temperature of the experiment. We did not measure the density of liquid indium, but used the 
data of Williams and Miller [4]. 


It can be seen from Figure 2 that our data for the surface tension of indium differs little from the results 
obtained by Melford and Hoar [2], If, however, we assume, following the authors of paper [2], that the wet- 
ting angle between the wall of the capillary mbe and the indium surface inside it is equal to 171° and independ- 


ent of temperature, then the difference is more significant and amounts to 8-10 dynes/ cm at a temperature of 
170. 
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THE CALCULATION OF THE ACIDITY FUNCTION AND MOLECULAR 
COMPOSITION OF HYDROFLUORIC ACID FROM THE NUCLEAR 
MAGNETIC RESONANCE DATA FOR F?® 


E. Z. Utyanskaya, A. U. Stepanyants, M. I. Vinnik and 
N. M. Chirkov 
Institute of Chemical Physics USSR Academy of Sciences 


(Presented by Academician V. N. Kondrattev, October 29, 1958) 


The Hammett acidity functionis measured by an indicator method and is equal to 


Ho = — (1) 
BHt 


+ 


where fp and fpyy+ are the activity coefficients of the ionized and un-ionizedforms of the indicator, and an 


is the activity of tie protons in the medium in question [1]. 
The following equilibria are present in aqueous solutions of HF: 


HF = H* -+- F-; 
= 


K, = 
Ky = Qury/@urar-, 
where Ky = 6.89 ° 10™. Kz = 2.695 are the equilibrium constants expressed in activity units [2]. 
1 2 P y 


It follows from equation (4) for the dissociation of hydrofluoric acid that 


—Igayw+ = —IgK, + lg——. 
HF 
Replacing apm by is the molal concentration of ions) in equation (6), we have; 


— = = Ite + le 
BH+/ F- 

For aqueous solutions of HCl and HBr up to concentrations of 16 molal, the quantity fp/ fBHt f a- i, 
where fa~ is the activity coefficient of the Cl” or Br~ anions [3]. If we assume that a similar relationship 
holds for aqueous solutions of HF, then the acidity function 3») may be calculated from a knowledge of the 
values of Ky, and mp~. 


The composition of dilute solutions of HF is known [2} In order to obtain quantitative data on the com- 
position and acidity of more concentrated aqueous solutions of HF, we have measured the chemical shifts of the 
resonance of F'® in aqueous solutions of hydrofluoric acid at various concentrations, 


(3) 
(4) 
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The observed chemical shift 


Hp spec ~ 


Hp stand 


5 obs 


- 104, 


Hp stand 


where Hy spec a0d Hg stand are the resonance values of the external magnetic field for the F*? nucleus in 
the specimen under study and in the standard [CFgCOOH] at a fixed frequency of a radio-frequency field. The 
values obtained were used to calculate the chemical shift of each specimen relative to Fz, § CFyCOOH = 


= 5.03 - 1074 [5}. 


For a system of several exchanging components [4], the observed chemical shift 


Sobs = (8) 
where 6; is the chemical shift of the individual fluorine-containing components and pj is the fraction of the 
total number of F*® nuclei under study in a given component. The observed chemical shift of the solution de- 


pends on the HF concentration [7], 


Fig. 1. Oscillograms of the F™ signals, The signals 
on the right are those of the standard CFgCOOH; the 
signals on the left belong to; a) aqueous KF solution 
(calibration material), b) 259% HF solution. Ampli- 
tude of modulation 0.4 oersteds, frequency of mod- 
ulation 0.5 cycles/ second. 


40 Wt. % 


Fig. 2, Chemical shifts of the resonance of FY in 
the system HF-H,0, 


Expressing p; by the corresponding molal con- 
centrations of the fluorine-containing species, we 
have 


2m 


mip 
+ Hr ——» (9) 


8 obs = bp- 


m= + + Myr, (10) 
where m is the total molal concentration of dissolved 
HF; Myr is the molal concentration of the un-ionized 
HF present as monomeric and polymeric forms [6]; 

5 obs is the chemical shift of the HF solution; 6 HF 

is the chemical shift of the monomeric and poly- 
meric forms, averaged by exchange, and ;- = 

= 5.48+ 1074 [5], 


The chemical shift of anhydrous HF relative 
to Fz is = 6.25* 1074 [5], For the want of better 
data, we assume that this value may also be used for 
aqueous solutions of HF, although the ratio of mono- 
meric to polymeric forms for aqueous solutions is not 
the same as that for anhydrous HF. For an HF con- 
centration of 2% by weight, the quantities mp-, Myr 
and Myf are known [2]; using these data and equa- 7 
tion (9) we may calculate the chemical shift of the 
HF, ion relative to F,; it is found to be equal to 
3.4* 1074. From equations (4) and (5), we have 


It may be assumed that up to a molar ratio HF ; HgO = 1 ¢1 the activity coefficients of the anions fp- and 


a are equal. Then 


a ‘ ‘ | 

4 

6 

HF 
QuF = Ko dp- mp 
1 
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Simultaneous solution of the three equations (9), (10) and (12), with the three unknowns ™mp~, MHF, and 
My, enables us to calculate the molality of the ions and the undissociated fraction of the acid. 


The quantity log(azyp/ mp~) may be written in the form 


| 


Gur — lem + Ig — bp-) + 


(Bur — 8, obs (Bur — Ig Grr — bobs). 


QF Mip- 


The index 1 refers to an HF concentration equal to 2% by weight. The acidity function 
Ho = N + lg Bur — (14) 


where N is a parameter which may be calculated from available data for every hydrofluoric acid specimen 
studied. 


TABLE 1 


The Chemical Shifts of the Resonance of F® in Solutions of Hydrofluoric Acid, A) HF con- 
centration, % by weight; m) molal concentration, moles HF/ 1000 g H,O; Hg) strength of 
the main magnetic field, oersteds; 6") chemical shift measured relative to CFyCOOH; € ) 
mean square error in the measurements; 6) chemical shift recalculated relative to F, 


H, H, 


3 


3330 


OOS 


15,5 
20,3 
25,1 
30,2 
33,8 
37,0 


TABLE 2 


The Molecular Composition and Acidity Function of Hydrofluoric 
Acid Solutions (m in moles per 100 g H,0) 


fp 


* 


0,0168* 
0.0175 
0.0166 
0.0132 
0.0129 
010114 
0.0110 
0.0078 
0.0065 
0.0048 
00025 
0.0016 
0.0015 


+4,37 
41,27 
+1 ,07 
+0,75 
+0,41 
+0/27 
—0,04 
—0,47 
—0,78 
—1 ,07 
~-1,64 
—2'06 
—-2,24 


aus 


- 


- 


* *See [9] 


A | m | — 
2,00 | 1,02] 3347] 0,92] 0,014 | 5,95 | 23,7 (0,005 
2'46 | 1,26] 3342 | 0,92 | 05005 | 5.95 || 28.8 3347 0.006 
3.57 | 1.85] 3342 | 0,93| 0/010 | 5,96 || 33,4 3322 0.007 
5.57 | 2.95| 3329] 0,98] 0,011 | 6,01 | 37,7 3330 0/010 
10,0 | 5.56] 3342 | 0,96] 0/007 | 5.99 || 40,3 3322 0,004 ,06 
11:5 | 6.54] 3322 0,98] 0,005 | 6.01 | 42.5 3330 0,005 = 
17.3 110.5 | 3347] 0,94] 0008 | 5,97 
- 
1,016*] 1,05 +1,30 
1,26] 1,36 0.064 44,22 
4,85 | 2,05 0,092 | 441,04 
2.95 | 3,43 0.122 40,72 
5.56] 7,26 0.252 +0,36 
651 | 8.88 0.273 40,25 
40.5 | 47.4 0.515 
15.5 | 33,6 0.706 
20.3 | 57.3 1,00 —1.00 
25.4 | 82/5 1.07 —1.34 
30.2 | 16,0 —1,69 
33.8 |268 116 
37.0 41.54 
*See [2] 
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It can be seen from Table 1 that Sobs is of the order of (5.95-6.05) - 1074 for various concentrations 
of hydrofluoric acid. From this it follows that in order to obtain a value for the acidity function with an ac- 
curacy of + 0.05, Sobs must be known with an accuracy of + 0.03°107*, 


The measurements were carried out in a field of ~ 3300 oersteds. The uniformity of the magnetic field 
in the working part of the gap was not poorer than AH/H = 2° 10 ° in a volume of 1 cc. 


The nuclear magnetic resonance signal was observed using an autodyne detector [8]. A serrated modulation 
of the main magnetic field was used for the measurements, 


0010 | 


0005 


J2 moles HF 
100 g 


Fig. 3. The variation in the molal concentration of Fig. 4. The relationship between the acidity func- 
the ions mpyp,~ and mp~ and of the undissociated tion i» for hydrofluoric acid and the concentra- 
fraction of the acid mF with change in the total tion: a) values obtained from measurements us- 
molal concentration m of dissolved HF. ing the indicator method (Bell's data); b) values 
calculated from nuclear magnetic resonance data. 


The measurements were carried out using spectroscopically pure hydrofluoric acid containing no silicon. 
The measurments were made at room temperature, The total systematic error in the measurements of the 
chemical shifts amount to 2% (A(AH/H) = 2° 1075), The results of the measurements are given in Table 1 
and Figure 2, It can be seen from Figure 2 that the change in the chemical shifts with concentration (up to 30%) 
lies within the limits of the experimental error. 


Table 2 and _ 3 and 4 give the results of the calculation of the molecular composition and the val- 


ue of iq + log —— for the hydrofluoric acid solutions studied, together with values for the acidity func- 
B 


Ht ff 
tion @ measured by the indicator method at 25 [9]. It canbe seen from the data in Table 2 that the quan- 


fl 
tities Hp» + log <n and 9 coincide satisfactorily, This means that in the concentration range studied 
F 


(up to 37 molal) the relationship fg/fpyt fp~ = 1 is valid. 
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THE INFLUENCE OF ADDED ALKALI METAL COMPOUNDS ON 
THE KINETICS OF THE REDUCTION OF ZINC SILICATE 
BY CARBON MONOXIDE 


Corresponding Member AN SSSR D. M. Chizhikov and L. G. Berezkina 
A. A, Baikov Institute of Metallurgy, USSR Academy of Sciences 


In studies of the reduction of solid oxides by carbon it has been observed that the addition of compounds 
of the alkali metals has an accelerating effect on the process. Thus, D, N. Klushin and D, M, Chizhikov [1] 
have established that the addition of sodium carbonate has an accelerating influence on the reduction of zinc 
oxide by solid carbon. The reduction of zinc oxide takes place in two stages, the rate of the process being de- 
termined by the rate of the gasification process; C + COg= 2CO, Workers in this field have attributed the ob- 
served acceleration to an increase in the reactivity of graphite toward gasification in the presence of added 
alkali metals. It is also possible, however, that these added materials have a direct effect on the reduction by 
the carbon monoxide. In this case the accelerqtion of the process may be due to an increase in the mobility 
of the particles in the reaction zone in the presence of the added materials, which facilitates the crystallo- 
chemical rearrangement of the lattice of the compound [2, 3]. 


The present work presents the results of a study of the kinetics of the reduction of zinc silicate 2Zn0O- 
* SiO, by carbon monoxide and of an examination of the effect on this process shown by the addition of the 
carbonates of potassium, sodium and lithium and also of sodium and calcium chlorides. It should be noted 
that the literature contains no data on the kinetics of the reduction of zinc silicate by carbon monoxide. 


The zinc silicate was prepared by sintering purified quartz powder with zinc oxide at a temperature of 
1380-1400°. The added materials were introduced by impregnation from aqueous solutions in quantities 
amounting to 7.5 mole % relative to the zinc silicate, which corresponds to concentrations of added materials 
in the mixture of from 2 to 5% by weight. The solid taken for reduction had a particle size of 200 mesh, The 
reduction was carried out in a vacuum assembly; the carbon monoxide was circulated continuously and the 
COx produced in the reaction was frozen out using liquid nitrogen [4]. The course of the process was followed 
from the loss in weight of the original specimen which was weighed continuously on an electromagnetic balance. 
The readings were recorded and the temperature and pressure controlled automatically. Preliminary experi- 
ments showed that the degree of reduction is independent of the weight of the original sample taken. 


Figure 1 gives data showing the influence of temperature on the kinetics of the reduction of zinc silicate 
by carbon monoxide. The rate of reduction becomes appreciable (3% per hour) at 1000°. Increase in tempera- 
ture increases the rate of reduction considerably. Within the limits of the degree of reduction studied, the rate 
of the process is practically constant, and the kinetics of the reaction are given approximately by the linear 
equation a = kt. The apparent activation energy of the process amounts to 31 kcal/mole. The carbon monox- 
ide pressure (within the range 50-400 mm mercury) has no influence on the degree of reduction of the zinc 
silicate. 

Figure 2 gives data on the reduction of 2ZnO+ SiO, with potassium carbonate added. It can be seen that 
in the presence of potassium carbonate the temperature at which the process starts is reduced considerably, 
while the degree of reduction of the zinc silicate is increased. 10% reduction takes place at 700° in 90 minutes, 
whereas when 2ZnO + SiO, is reduced without added material at 1000°, the degree.of reduction after the same time 


interval is only 5% The apparent activation energy of the process, calculated from the rate constants of the 
equation a= 1 = exp(kt"), amounts to 17 kcal/mole. The rate of reduction of zinc silicate in the presence 

of potassium carbonate is increased considerably by increasing the pressure. Thus at 1000° and Pcg = 10 mm 
mercury, 9.5% zinc silicate is reduced in the first 10 minutes, at 50 mm 15.5% and at 200 mm 22% At 200 
and 400 mm mercury the kinetics of the process are given by a single curve, which characterizes the onset of 
adsorption saturation. Figure 3 gives comparative datashowing the influence of a number of added materials or 


a 


eduction (a) 
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Fig. 1. Kinetics of the reduction of zinc silicate by 
carbon monoxide: a) degree of reduction,%; t) time, 
min, 
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Degree of reduction (a) 


00 min 
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Fig. 2 Kinetics of the reduction of zinc silicate with 
potassium carbonate added, Pog = 200 mm mercury: 
a) degree of reduction, %; ft) time, min, 


the rate and degree of reduction of 2ZnO + SiO, 
at 1000° and Pog = 200 mm mercury. The rate of 
reduction of zinc silicate (at 10% reduction), when 
K COs is added, is increased by a factor of 150; 
when Na,CO,j is added, by a factor of 25; when 
LigCOs is added, by a factor of 5; and when NaCl 
and CaCl, are added, by a factor of 1.5. The addi- 
tion of potassium and sodium carbonates alters the 
kinetic characteristics of the reduction curves; the 
process starts at a maximum rate which decreases 
rapidly as the process continues, 


The cause and mechanism of the specific 
effect shown by the different added materials is 
possibly explained as follows, The added materials 
may undergo a number of changes in the course 
of the reduction process. Dissociation of the car- 
bonates takes place at the temperatures of the ex- 
periment. The oxides of the alkali metals exhibit 
an appreciable volatility; in the vapor state they 
may be adsorbed on the surface of the silicate. The 
adsorption of the oxides on the reaction surface may 
possibly lead to the formation of lattice defects and 
the production of active centers for the reaction. 
The increase in the activity of the surface explains 
the positive influence of increase in the pressure on 
the process of silicate reduction in the presence of 
potassium carbonate. The electronic interaction 
between the adsorbed compounds and the ions of 
the surface layers of the lattice may lead to an in- 
crease in the surface mobility (migration) of the 
ions, which facilitates the crystallochemical changes 
taking place during the reduction [5]. 


The accelerating effect of added carbonates 
decreases along the series; potassium, sodium and 
lithium, The specific character of the effect of the 
added materials may be due to differences in the 
electronic interaction between the added material 
and the silicate lattice. The chemical bond energy 
in the alkali metal oxides, for example, increases 
from potassium to lithium, as is indirectly reflected 
by the increase in the heats and free energies of 


formation of the oxides. The heats of formation of the alkali metal oxides are: for K,O 86.0, for NagO 102.0 
and for LigO 142.3 kcal/mole. It is thus evidently possible that the electronic interaction between added 
potassium ion and the silicate lattice is greater than the corresponding interaction for sodium and lithium ions. 


In the examination of the effect of added materials, it is necessary to take into account the fact that 
the oxides of potassium, sodium and lithium should react with zinc silicate at the temperature of the experi- 
ment. The accelerating effect of potassium and sodium carbonates is shown for the most part in the initial 
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mg ZnO/ min stages of the reaction, after which the rate of 

ler the process decreases. This change in the nature 

. of the curves with the passage of time may be due 
to the fact that the added materials become chem- 
ically bound. Thus when zinc silicate containing 
added potassium carbonate is ignited beforehand 
in an inert atmosphere, the increase in the rate of 
subsequent reduction of the silicate is much less 
pronounced, 


The results obtained shown that it is possible 
to accelerate considerably the rate of indirect re- 
duction by the addition of small quantities of al- 
kali metal compounds, particularly sodium and 
potassium carbonates. The addition of these mat- 
erials facilitates considerably the process of reduc- 
tion, lowering the activation energy and the temp- 
erature at which the reaction starts. Some views 
have been put forward regarding the mechanism of 
the observed phenomena. 
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THE DETERMINATION OF THE INTERNAL STRESSES PRODUCED 
WHEN SOLID SURFACES ARE GLUED TO ONE ANOTHER 
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(Presented by Academician V. A, Kargin, August 16, 1958) 


In our studies on the adhesive properties of gelatin solutions, we have established that the strength of ad- 
hesion is related to the conditions under which the layers of adhesive are produced. We have suggested that 
this relationship is determined by various internal (shrinkage) stresses, which reduce the strength of adhesion 


{1}. In this connection particular interest has been attached to methods for the quantitative estimation of the 
magnitude of the internal stresses. 


V. A, Kargin and co-workers have recently shown [2] that when a layer of adhesive is formed on a flexi- 
ble support, the internal stresses may be determined from the change in shape of the support. The stresses in 
transparent isotropic films produced on solid surfaces may be determined using an optical method [3] which 

enables the magnitude of the internal stresses to be estimated from 
the change in the optical properties of the films and from the mag- 
ka/ oo. nitude of the resultant birefringence in particular. 


It is extremely difficult, however, to measure birefringence in 
nontransparent films, We have suggested that these difficulties might 
be overcome by using a support made of a transparent isotropic ma- 
terial withelastic properties. In this case the magnitude of the inter- 
nal stresses in the films might be estimated from the change in the 
birefringence within the support, i.e., beyond the limits of the zone 
in which the layer of adhesive or adhesive film is produced. The 


present studies were arranged and carried out on the basis of this sug- 
gestion. 


The supports used were rectangular glass prisms with dimensions 
Fig. 1. The change in the path dif- 10 x 20 x 20 mm. The films were formed on the surface of the sup- 
ference § and in the internal stresses port by the evaporation of water from a 20% gelatin solution deposited on 
o in the prism layers with changein one of the faces of the prism. The birefringence in the thickness of 
the distance h of the layers from the the glass was measured using a polarizing microscope with rotating 
face on which the film was produced; _— calcite KPK compensator. The magnitude of the internal stresses 
film thickness 0.22 mm, produced was determined from a displacement scale constructed on the basis 
from 20% gelatin solution. of preliminary measurements of the path difference in the prisms un- 

der various loads between 10 and 120 kg/cm’, 


Preliminary experiments showed that when a gelatin film is formed on the surface of a glass prism a path 
difference is in fact produced in the thickness of the prism. It can be seen from Figure 1 that the path difference 
is not distributed regularly within the separate layers of the prism. The largest path difference is found, as 
might have been expected, in the layers lying next to the surface of the glass ~ film interface. As the distance 


| 


between the glass layer and the surface of the interface increases, the path difference decreases linearly and 
reaches zero at a distance h = 3. When h is increased further, the curve becomes more complex in character. 


ee 
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Fig. 2. The kinetics of drying (1) and the kinetics of the 
production of internal stresses 6 and path difference 6 
(2) at the glass—gelatin interface; film produced from 
20% gelatin solution by evaporation of the solvent. 


From these data it may be concluded that by extrapolation of the path difference of h = 0 we may find 
the integral value of the birefringence (path difference) and consequently the magnitude of the internal stress 
in the support, which changes with change in the internal stress in the film. 
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Fig. 3. The influence of film thickness Fig. 4. Variation in the internal stresses 
on the path difference 6 and on the in- o with change in the width of overlap 
ternal stresses O at the contact surface, of specimens glued together with 20% 
produced during the formation of films gelatin solution, 

20% gelatin solution. 


Since the processes of growth and relaxation of the internal stresses in the adhesive layer and in the 
elastic transparent support are related symbatically to one another, measurement of the birefringence in the 
support may also be used to follow the change in the stresses within the growing films with change in the 
time of evaporation of the water (Figure 2), in the film thickness (Figure 3), in the width of the overlap of 
two glass surfaces stuck together (Figure 4), etc. 


The present work thus presents a suggested method for the determination of the magnitude of the internal 
stresses in films formed on solid transparent isotropic supports; the method is based on the measurement of the 
birefringence beyond the limits of the zone in which the layer of adhesive is produced, and it has been shown 
that this method may be used to determine both the total magnitude of the internal (shrinkage) stresses and 
the kinetics of their growth, 


We have to express our gratitude to Academician V. A, Kargin for a number of valuable observations 
made during discussion of the present work. 
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GASEOUS INITIATION WITH OZONE IN THE OXIDATION OF 
ISODECANE AND ITS ASSOCIATED CHEMILUMINESCENCE 
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Acad. Sci. USSR Corresponding Member N. M. Emanuél’ 
Institute of Physical Chemistry, Academy of Sciences of the USSR 


The oxidation of hydrocarbons in the liquid phase represents a chain process with a degenerate branch- 
ing of the chains [1] A gradual accumulation of the branching agent (peroxide) in the system leads to a slow 
increase in the reaction rate. For this reason the stage of a rapid progress of reaction precedes, as a rule, the 
period of induction, lasting many hours in a number of cases, One of us had shown [2] that brief stimulations 
of the reaction at the very start of oxidation prove to be sufficient to shorten effectively the induction period. 
As initiating agents it is possible to use salt catalysts, chemically active gases and penetratingradiations [3} 


It was observed that in a number of cases [3] the prolonged action of an initiator leads to negative re- 
sults; to a reduction in the reaction rate and extent of conversion, the appearance of large amounts of second- 
ary products in the system, etc. For these reasons it proved expedient to use gas initiators (nitrogen dioxide, 
ozone, chlorine, etc.), since the action of a gas initiator can be stopped when desired by simply terminating 
its addition to the system, Especially promising here is the use of ozone, since both a minimum amount of 


secondary products and the powerful action of this exceptionally active gas could be expected to derive from 
such use. 


The gas initiation of the oxidation of a n~paraffin by means of ozone was studied in [4]. 


In this paper our objective was to study the isolated stage of initiation using ozone, i.e., to study those 
phenomena and processes that occur during the period of a brief exposure to the action of the initiator. 


As study subject we selected isodecane (2, 7-dimethyloctane). Preliminary experiments had revealed 
that brief blowing of ozone through the system greatly accelerates reaction. The experiments were run at low 


temperature (from 26 to 90°) in order not to complicate the kinetic picture of the phenomena by secondary 
processes, 


In selecting the method of study we considered the fact that many reactions involving ozone are ac- 
companied by chemiluminescence [5} Since chemiluminescence arises due to the progress of elementary 
chemical processes in the system, a study of this phenomenon permits judging as to the reaction mechanism. 

We were able to register the appearance of a slight luminescence when oxygen, containing 2-3% of ozone, 

was bubbled at 20-90° through isodecane, contained in a glass oxidation cell, A FEU-19 photoamplifier serv- 

ed as the luminescence indicator. The photoelectric current was recorded using an EPPV~951 electron potentiom- 
eter with a high ohmic input. 


A record of the change in the intensity of luminescence when ozone was blown continuously into iso- 


decane at 55° is shown in Fig, 1. The intensity gradually increases, reaches a maximum in 2.5 hours, and then 
gradually decreases. 


*The oxidation of isodecane proceeds quite rapidly at 110-120", 


It was established that termination of ozone addition at any stage of reaction leads to an immediate 
disappearance of luminescence. A rapid restoration of the previous intensity occurs when the addition of ozone 


Fig. 1. Record of the photoelectric current of the 
photoamplifier when ozonized (2.5% oxygen is bub- 
bled continuously through isodecane at 55, 


mole/ liter 


8 
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40 80 0 


Fig. 2, Accumulation of active oxygen in the 
continuous ozonization of isodecane at 20°. 


is resumed. These results can be understood if it is 
assumed that luminescence arises in the reaction of 
ozone with the compound that, in turn, had previous- 
ly been formed in the reaction of ozone with the hydro- 
carbon. 


The existence of an intensity extreme during the 
experiment indicates that the concentration of the 
hypothetical compound passes through a maximum, 
i,e., the accumulation rate of this compound co- 
incides with the accumulation rate of the intermedi- 
ate product in succeeding chemical reactions, The 
final reaction product, containing active oxygen, is 
formed at an accelerated rate at the start, which is 
also characteristic for the succeeding reactions (Fig. 
2). Another possible reason for the autoacceleration 
is the branching action exerted by the products form- 
ed, leading to a progressive growth of the chain 
avalanche, which is not suitable, since in our experi- 
ments the temperature is slightly too low to permit 
chain growth. 


Further proof of the intermediate character 
of the product obtained in the initial reaction of the 


ig 


800 600sec 


500 00sec 


Fig. 3. Decomposition of the intermediate product, 
accompanied by luminescence, at 80°. Left — re- 
cord of the photoelectric current. Right - semi~- 
logarithmic anamorphosis of the curve. 


hydrocarbon with ozone was secured by us in the experiments run at elevated temperature. Isodecane, ozon- 
ized for 2-3 hours at room temperature, was rapidly heated to 80-85°. in the absence of both oxygen and ozone. 
The photoamplifier registered a rapid blazing up of the luminescence and then its gradual diminution accord- 
ing to the monomolecular rule (Fig, 3) with constant k = 2.5+ 10% _~ 2000/RT seo~t Considering that the final 
reduction product ~ the hydroperoxide ~ does not decompose at the indicated temperatures, we ascribe this 
phenomenon to the thermal decomposition of the intermediate product. 


As a result, the reaction of ozone with normal hydrocarbons at moderate temperatures represents a com~ 
plex process, proceeding through the formation of a relatively ‘stable intermediate compound. 
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ROLE OF THE TUNNEL EFFECT IN THE KINETICS OF 
CHEMICAL REACTIONS AT LOW TEMPERATURES 


V. I. Gol*danskii 
P. N. Lebedev Physical Institute, Academy of Sciences of the USSR 
(Presented by Academician V. N. Kondrat*ev, November 6, 1958) 


Even in the studies of D, G. Bourgin and of S, Z. Roginskii and L. Rozenkevich [1], and also in a number 
of papers by R, Bell [2], the question of the possible role of the tunnel effect in chemical kinetics was raised. 
However, attempts to reveal experimentally such a role at temperatures close to room temperature failed to 
give well-defined results, while the region of extremely low temperatures, where the tunnel effect should be 
manifested more clearly, remained completely unstudied for a long time. Only recently has interest arisen 
in studying all of the possible chemical reactions that progress at low temperature, in which connection meth- 
ods have been developed which make it possible to observe experimentally the progress of such reactions even 
at extremely slow rates (for example, the method of labeled atoms, that of paramagnetic resonance, etc.).’ In 
connection with this it seems expedient to list here the criteria that characterize the demarcation of the region 
of high temperatures, where the tunnel effect can be neglected, and the low-temperature region, where the role 
of the tunnel effect proves to be extremely important, It also seems desirable to discuss the problemi of how 
strongly the temperature dependence of the reaction rate in the low-temperature region is influenced by the 
shape and width of the activation barrier and by the effective mass transferred via tunnel transition, An ana- 
lysis of this problem will help in the future to establish the basic characteristics of activation barriers based on 
the experimental data obtained relative to the effect of temperature and the influence of the isotopic composi- 
tion on the rate of chemical reaction in the low-temperature region, 


The role of the tunnel effect in the progress of chemical reactions is determined by the interrelationship 
of three energy terms, and specifically; the energy of activation E9, the energy of heat motion kT (T is the 
absolute temperature, and k = 1.4 X 10716 erg / deg is the Boltzmann constant) and the *characteristic® energy 
of the system ¢ = h?/ud?= 1.11 + 10°4/yd? erg (u is the given mass, and d is the effective half-width of 
the activation barrier), We will introduce two dimensionless parameters, characterizing the ratios Ey, kT and €: 
kK = E)/kT and a= mw V2 (asarule,a >» 1), We further assume that the reacting particles show 
Maxwellian distribution in their rates of motion, Then the rate constant for the reactions in which the tunnel 
effect plays a role should be written in the form 


(y) ev dy, ay 


0 


2V2n R? 
K 
Vp (kT) 
where y = E/E; E is the energy of the relative motion of the particles; R= ry + rg is the sum of the radii of 
the reacting particles (for preciseness we will discuss the bimolecular reaction); and w(y) is the probability 

of tunnel permeability through the activation barrier (y < 1) or its passage over this barrier (y > 1). 


As a simple and at the same time a quite general two-parametric expression for a symmetrical activa- 
tion barrier we will adopt the following: 


(2) 


where x is a coordinate, read on both sides of the barrier center (shown by Curve 1 in Fig. 1). 


1 


as 


45 
Fig, 1. 


At small values of x/d equation (2) passes to the form obligatory for any symmetrical arch near the 
maximum of the parabolic function 


U (x)= Ey(1— (3) 


and in the future we will compare the results ensuing from equation (2) and those obtained in the extreme and 
clearly unreal case of a completely (clear up to x/d = 1) parabolic barrier (Curve 2 in Fig. 1), For both types 
of barriers (in accordance with (2) and (3)), with the accuracy up to the factor ranging from 1 to 2, it is possi- 
ble to take w(y > 1) = 1 and to consider the rate constant as the sum of the ordinary Arrhenius constant 


_ 2V2n R°VET 
and the constant of the tunnel reaction 
2 R? 2 
™ Vp (kT) Veanm dy. 


For a barrier described by (2) the probability of tunnel permeability is written [3] in the form 


sh?aV y ea 


w(y) = 
, 


(the last approximations are valid in the region ¢y >» 1/a). 
As a result, the subintegral function in expression (5) for Krunne) as the form 


const. 


and converts to a maximum at 


Y = Ym ~(2) = kT (8) 


€ 


A substantial contribution by the tunnel effect to the total reaction rate is observed when the maximum 
of the function f(y) falls in the region of subbarrier energies (y;, < 1), i.e., in the given case when k > a. 
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In the case of a completely parabolic barrier 
[2] the — of tunnel permeability is wy(y) = 
e"4(1"Y) while the subintegral function in (5) assumes 
the form 


= yet ele) (9) 


It is evident that the condition yy) = — <1, 


i.e., K > a+ 1 corresponds now to the presence of a 
maximum for the subintegral function in the limits of 
the activation barrier. However, since a > 1, then ip 
the case of a completely parabolic barrier the condi- 
tion for a substantial contribution by the tunnel effect 
can be written as Kk > a. Consequently, the charac- 
teristic temperature Ta, below which the tunnel effect 
plays an important role, is determined, practically in- 


dependent of the shape of the barrier, by the relation- 
ship 


Fo _ Vee 


(10) 


For the value of the tunnel reaction con- 
Fig. 2. 1) a= 50; 2) a= 25; I) Arrhenius rule; I stant in the region T < Tq with barrier of 
and III) taking the tunnel effect into account; I) bar- type (2), we obtain by the transposition method 
rier with shape 1 /chXx/ d), Ill) parabolic barrier. 


2V2n RV kT, 9 
Ve 


(Kiunnet \r< t= 


2 
q 


i.e., instead of the usual linear (accurate up tothe pre-exponent) function In K = A~ E/kT, another function 


appears here: (10 < T, = B+ aT/Tg At T= Tq in the given case (Kinney, 2 rheniud Tq’ 
while at T © 3/2T. both rate ‘constants become equal, and in the region of higher temperatures the tunnel 
effect can be disregarded completely. 


In the case of a parabolic barrier [2] in the region T < Tg 


YTIT, 
(Kicunnel Ve (i—T/T, 


and atk » a, i.e.,T/ Tg « 1, the rate constant, with an accuracy up tothe pre-exponential factor, ceases to 
depend on the temperature. 


At T 2 Tq the expressions for the tunnel reaction constant in the two discussed cases of barrier shapes 
practically coincide. 


To illustrate quantitatively the equations given above we have plotted in Fig. 2 the functions log K = 
f(1/T) in the temperature region 28-500°K (in which connection we took K = 1 at 300° K) for a = 50 and a = 25, 
As can be seen from (11) and(12) giving parameter a completely determines the nature of the dependence of 
K on T/T¢ For preciseness in Fig. 2 it is assumed that Tg = 100°K; then Ey =,10,000 cal/mole and ¢€ = 5.6 X 
x 107% erg correspond to a = 50, and Ey = 5000 cal/ mole and €= 1,12 x 104 erg correspond to a = 20, At 
higher values of Ey and ¢ the whole picture in Fig. 2 is shited toward higher temperatures, 
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In conclusion it should be emphasized that we did not discuss here the quite pronounced temperature 
fluctuations of the pre-exponent possible in the case of complex molecules. Experimental verification and use 
of the obtained equations to determine the shape and other characteristics (1, d) of activation barriers is most 
conveniently done for specifically those reactions where the pre-exponent is abnormally large, and which con- 
sequently proceed at measurable speed even at very low temperatures. In the future a study of the tunnel ef- 
fect at low temperatures should not be made for those cases where instead of a Maxwellian distribution the 
original system shows various quantum distributions of the energy. 
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EFFECTIVE RADIUS OF THE ELECTRON IN CRYSTAL LATTICES 


Acad. Sci, USSR Corresponding Member A. F. Kapustinskii 


D. L Mendeleev Institute of Chemical Technology (Moscow) 


The dimensions of the electron were determined later and with less accuracy than either its charge or its 
mass, since the latter values have a greater constancy and possess greater importance in both physics and chem- 
istry. It is well known [1] that the radius for the isolated electron is equal to 2.8 x 1078 cm. This value is 
capable of showing great variation by changing the conditions. It shows a large increase when the electron en- 
ters into the composition of the atom. Thus, in the individual hydrogen atom [2] the distance between proton 
and electron is 5.3 x 107% cm, and since the radius of the proton can be taken equal to zero with an accuracy 
of 0.01 A, then the effective radius of the electron in the normal H atom is 


ro = 0,93 A. 


These dimensions increase still more on passing to crystal lattices. At the present time the values of ionic 
radii [3] and atomic radii [4] are known quite reliably, and specifically with an accuracy of up to 0.02 A. These 


data permit estimating the electron dimensions by means of three different methods, all leading to the same 
result. 


lst Method. Since the negative hydrogen ion differs from neutral hydrogen in having two electrons in- 
stead of one, then it can be assumed that the difference in the dimensions of these particles will give the 
dimensions of one electron: 


== = — =1,54 A—0,78 A=0,76 A. 


(2 electrons) (1 electron) 


2nd Method. Since the simplest positive metal ion, namely the lithium cation, contains two electrons, 
then substracting its radius from the radius of the neutral lithium atom, containing three electrons, we like- 
wise arrive at an estimate of the dimensions of one electron: 


Lie rut =1,57 A—O0,78 A=0,79 A. 
electrons) (2 electrons) 


3rd Method. Since in neutral hydrogen (it is understood, also in a crystal lattice) the radius of the pro- 
ton, at least with an accuracy of up to 0.01 A, can be taken equal to zero [5], then the radius of the electron 
will be equal to the radius of neutral H: 


rye = 0,78 A. 


(1 electron) 


Within the limits of generally accepted estimate error, all three methods give the same value (0.76; 
0.79; 0.78 A) for the effective radii of the particles in the lattices of a solid, i.e., 


ro = 0,78 +0,02 A. 
In more approximate calculations it is possible to take the effective radius of the electron as equal to 0.8 A, 


This new constant can be used ini the solution of various problems in both physics and physical chemistry. 
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Thus, it finds use when making a detailed examination of the model of the metallic state. It can be assumed 
that in the metallic state, at least for typical metallic lattices and for the elements that form noble-gas cations, 
the lattice is formed from free (external) electrons and a rigid skeleton of cations. In such case the electron 
can be regarded to be an independent partner and its dimensions can be discussed. Here, for each given metal, 
the radius of the electron should evidently be equal to the difference between the radius of the neutral particle 
and that of the cation. That such is actually the case is quite obvious from the data given in Table 1. 


TABLE 1 


Difference Between the Radius of the Metal and of the Cation, Taken Equal to the Radius 
of the Electron in the Lattice of the Metal (in A) 


Average b 
group 
Li 337 Na 0,9 K 1,0 Rb 1,0 Cs 0,8 0,9 
Be 0,8 Mg 0,8 Ca 0,8 Sr 0,8 Ba 0,8 0,8 
B 0,8 Al 0,8 Sc 0,8 Y 0,8 La 0,6 0,8. 
Si 0,8 Ti 0,8 Ce 0,8 0,7 
Average by 
periods 0,7 0,8 0,8 0,8 0,8 


In Table 1, we have given the differences between the radii of the ions and the metals for all of the 
elements forming the noble-gas type of cations, for which the values of the ionic radii are known based on 
the V. M, Goldschmidt system [3] (not known for the B value calculated by G. B, Bokii [5]). The indicated 
values of the radii are taken from the review of B. F, Ormont [4], Since the ionic radii of Goldschmidt relate 
to sixfold coordination, for the metals, with the exception of Sc, Y and La (for which radii are known only for 
a coordination unumber of 12), we have given the data for a coordination number of 8, since the correction 
for transition to a coordination number of 6 is small in this case. For completeness we have also included car- 
bon (diamond) here, although it is not close to metals in its properties; naturally it is specifically for carbon 
that the greatest deviation from a regular sequence appears, as can be seen from the data in the table. Tak- 


ing all of the above into consideration, we give all of the comparisons with an accuracy of not up to 0.02 A, 
but only up to 0.1 A. 


We come to the conclusion that the dimensions of such an electron “coagulum" in the lattice of metals 
are actually constant and moreover are equal to the radius of the electron within the limits of permissible er- 
ror. The presented data can be regarded both as supporting the model of the metallic state with free electrons 
and as additional argument benefiting the validity of our obtained estimate of the dimensions of the electron. 


All of the above can be summarized in two statements: a) the effective radius of the electron is equal 
to 0.78 4 0.02 A; and b) in metals, representing a system composed of cations of the noble-gas type and elec- 
trons, the constancy of the radius of the electron is maintained with an exactness of 0.1-0.2 A. 
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THEORY OF STRAIN IN ORGANIC MOLECULES 


A. I. Kitaigorodskii 


Institute of Heteroorganic Compounds, Academy of Sciences of the USSR 


(Presented by Academician M. 1, Kabachnik, November 10, 1958) 


1. In this paper we discuss the possibility of treating and predicting the strains and conformations (i.e. , 
valence angles) that appear in cyclic organic molecules. The possibility of using an electrical model of the 
molecule for this purpose is highly problematical. In contrast, there is basis to assume that approaching the 
molecule as a mechanical system can be highly productive in this respect. ° 


The concept of using a mechanical model to find the conformations existing in a molecule, provided 
the manner in which the atoms are linked in the molecule is known, consists in determining the minimum po- 
tential energy of the system of atoms. Since historically in organic chemistry the concept was created of cer- 
tain “least” strained structures, then in judging as to the shapes of molecules an attempt was first made to 
estimate, and then reduce to a minimum the energy present in excess with respect to the unstrained molecule. 


References to the isolated studies made up to row and lying within the scope of the concepts discussed 
here can be found in Westheimer [1]. The use of a mechanical model bears a very limited character in these 
studies, since reaction between atoms not bound by valence forces is considered only for those phenomena 
which in organic chemistry have received the designation of the ortho effect. A general discussion of the ap- 
plicability of a mechanical model, and also a qualitative examination of the structure of organic molecules 
from the standpoint of such a model, can also be found in a paper [2] by the present author. 


The potentialities of the mechanical model are analyzed in the present paper, and some of its applica~ 
tions are discussed. 


2. Lying at the base of our discussion is the statement that the chemical bond determines the distances 
between atoms bound by valence forces and the “natural” angles between the directions of the bonds, while 
the conformation of the molecule is established by the tension interaction of the valence angles and by the 
repulsion of the atoms not bound by valence forces and found at a distance less than the sum of theintermolecular 
(van der Waals) radii, The attraction of atoms found at distances greater than the sum of the intermolecular 
radii is small and does not affect the conformation. Since both the tension of the angles and the repulsion 


are essentially weaker than valence forces, they cannot change the distances between atoms bound by valence 
forces. 


As a result, it is postulated that the energy of the molecule is the sum of three components; 


U = Uvatence forces * Uangies + Urepulsion” 


We will designate the strain energy of the molecule as the sum of the last two terms 


Ustrain = Vangles Uy epulsion® 

We will mention that with such defintion all nonlinear molecules are strained, since in both benzene 
and cyclohexane, or in water and hydrogen sulfide, the atoms not bound by valence forces show repulsion, for 
they are found at distances that are less than equilibrium. 


The conformation of a real molecule responds to the condition of a minimum strain 


OV strain_ 


where €; is the conformation parameters of the molecule, 


Since the conform ation parameters are varied within very narrow limits in seeking the minimum energy, 
it is always possible to represent not only the tension energy, but also the repulsion energy, as quadratic func- 
tions. Then the strain euergy can be written in the form: 


| 
1 
Theory ent Ustrair= Ri (ti — Yio)? + 


+5 DK — dy), 


where Vig is the “*natural® angle, di, is the equilibrium distance 
between the atoms not bound by valence forces, yj and dj are re- 
spectively the angles and the distances in the real molecule (in 
aromatic systems the angles of the bonds out of plane are also in- 
cluded with the angles yj), and k and K are the coefficients of 
rigidity. 


If n is the number of atoms in the molecule, and m is the 
number of bonds, then the number of independent parameters, de- 
termining the conformation, is equal to 3n~6=m (for a planar mol- 
ecule it is 2na~3-m). Expressing d; and y; through the independent 
parameters €j, it is always possible to represent the energy of the 
strain as Usrrain =U Yigr digs 


Distributing U,s,aip in order by steps €j, we obtain as the 
condition for the system 3n-6-m having a minimum strain energy, 
equations of the type £aj €j = c, where aj and c can be represented in the function of the values of the nat- 
ural angles, the equilibrium intermolecular distances and the coeificients of rigidity (more accurately, the re- 
lationships of the rigidity coefficients to one of them). 


In this manner it becomes possible to solve two problems: the direct problem — finding the conformation 
from known values of the rigidity, and the reverse ~ studying the coefficients of rigidity (and also, if there is 
any doubt here, the “normal® angles) based on accurate structural data, 


8. The possibility of solving the direct problem is small at the present time due to absence of information 
on either the interaction potential of the atoms not bound by valence forces or the tension potential of the angle, 
For this reason it is all the more important to study the coefficients of rigidity on the basis of analyzing the 
structure of molecules, the geometry of which has been determined quite accurately. 


Some idea as to the values of the strain energy derives from thermochemistry. However, it is naturally 
impossible to obtain from these data any information as to the energy components of the molecule, i.e., any 
information as to the tension energy or the steric repulsion. 


It is customary to estimate the angle deformation energy as equal to 1/ 2k8* where k is a coefficient, 
taken from the data on vibrational spectra, while 6 is the deformation of the angle with respect to its "normal" 
value. Such an estimate is not justified. Actually, in the theory of molecular vibrations the energy is distribut- 
ed in order around the equilibrium state. In the equilibrium state the energy is equal to zero, while § is the 
angle of deviation from the equilibrium value (and not from the *normal*). In contrast, a are interested 
inthe value of the strain energy of the equilibrium molecule, Further, the energy 1/ 2k6? of the molecule in 
the vicinity of equilibrium is the sum of the corresponding changes in the tension energy of the angle and of 
steric interaction, and we are interested in the separate rigidities of both interactions. 


105 
| 452 
| 1088 
1095 | / 
N64 
36 
M4 N80 
1855 
140 
N54 146 
4 
| 
198 


As a result, information as to the interaction potentials can be obtained in only one manner — by analysis 
of the conformation of molecules with a quite accurately known geometry. 


However, some simplifications can be assumed, at least in the initial studies. Examination of the struc- 
ture of the simplest hydrides, and also that of methane derivatives, reveals that the tension coefficient of the 
angle changes but slightly in going from atom to atom, If it is assumed that in the limits of deformation up 
to 20° a quadratic representation of the energy is retained, then this means that k is a constant value. 


The fact that organic substances show a similar compressibility and a narrow scattering of the equilibrium 
intermolecular distances in the crystal both suggest that the curves for the interaction of atoms not bound by 
valence forces are of a single type. Since the distances in molecules fail to show contractions essentially greater 
than 1/ 3d 9, the interaction curves should be more or less parallel. 


In the initial stage of study it seems possible to speak of but one curve for the interaction of atoms not 
bound by valence forces, differing only in the abscissa of the minimum. The increase in the energy of steric 
repulsion rises more rapidly than by a quadratic rule. However, the distances change but slightly with varia- 
tion in the strain energy and the quadratic “+n is fully justified. Consequently, we will use for the 
energy of steric repulsion the expression 1/2 K (doi - dj)*, where K in turn is a function of d. Approximate 
calculations reveal that the ratio K/k varies in the limits 0.05-0.5 Pia 


4. For many cyclic molecules,varying the conformation does not lead to changes in the energy of steric 
repulsion. Then the strain energy reduces to the tension energy of the angles, The rigidity coefficient k is 
reduced to the condition of a minimum, and calculation leads directly to the values of the angles, minimiz- 
ing the energy. 


To check the theory, we took acenaphthene as an example and made the appropriate calculations (Fig. 1). 

This molecule is essentially strained. Expansion of the external angles at atoms Cg and Cy due to repulsion by 
the carbon atoms assures these angles having only a small portion of the deformation. en ee with an 
accuracy sufficient for our purpose, it is possible to say for acenaphthene that Us les Three in- 
dependent parameters, which were taken as the deviations of the angles at Cg, Cy and re i 20° , determine 
the shape of the molecule, which possesses two planes of symmetry. The deformation of the CH, group does 
not have to be considered (see below), since the deviation of the angle at C; is a total of only #. The strain 
energy proves to be equal to = 6(2€6+ + €2+ 0.017)? + 267+ 263+ + + 0.004)? + 
+ A2e gt 3ey + 2e 0.012)? + 20.5€ 6 + 0.038)? + 21.5¢ 0.30)? + + 0.30)% The condition 
of a minimum gives €g= 4.6, €, = ~1.8°, €2= —2,.6. The excellent coincidence of calculation and experi- 
ment [3] is illustrated in Fig. 1, where the experimental values are given for two independent molecules. 


5. The angles around an aliphatic carbon atom, connected to two H atoms and two C atoms, possess 
essential interest, Between the angles a= “CCC, B=/HCHand y = /HCC there exists a single bond = 


cos y = cos 5005 = Having expressed the potential energy by means of independent parameters, which 


can be taken as the deviations of angles a and C from the tetrahedral value, and analyzing the conditions of 
a minimum, we come to the condition A B= - 3/4 Aa and A y= — 1/16 Aa, which is independent of the 
values of the rigidity ratio K/k. We also find that for any values of K/k, Aa > 0. Asa result, irrespective 
of the form of the interaction potentials of the angles, “CCC has a value greater than tetrahedral, angle 
ZHCH has a value less than tetrahedral, while the angles /HCC hardly retain a value of 109.5, At K/k = 
= 0,15, we obtain Aa = 2.5°. 


In aliphatic compounds the angles ZCCC are increased to 112. In our opinion, such an increase should 
always exist, independently of which compound the group enters. In particular, the angles around the carbon 
atoms in cyclohexane and the higher cycloalkanes should have similar values 


Cc 
c UC 
It seems of interest to make an analysis of the conditions ofa minimum energy for all accurately de- 
termined structures, and also to institute a series of exact structural studies for the special purpose of determining 


| 
_ 
— 
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rigidity coefficients. It is wise to check the simple consequences of the theory, such, for example, as the con- 
traction of the Cy angle in the benzene ring of biphenyl. 
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THEORY OF THE HEAT-CHAIN PROPAGATION OF A FLAME WITH 
TWO ACTIVE CENTERS 


L. A. Lovachev 
Institute of Chemical Physics, Academy of Sciences of the USSR 
(Presented by Academician V. N. Kondrat*ev, November 5, 1958) 


The scheme for a reaction in which A and B are the starting substances, C is the reaction product and 


P, and P, are active centers, is usually written in the form: 


M+ A->2P,+M, hp, R(T’); (1) 


Quy = Ay Fyn = Ky (T’) 14; (2) 
Py, = Ag F ong = hgKy(T’) No; (3) 
2P, M-> A M, = hw, W, (T’) (4) 


On the right are given the expressions for the rates of heat evolution, where hj is the heat effect of the reaction 
(cal /mole), ny and nz are the concentrations of the active centers Py and P, (mole/ g of mixture), ny, n, and 

Qc are the concentrations of substances A, h and C (mole/g of mixture), Ry is the rate of chain creation 
(mole/cu cm - sec), Kj and Wj are constants of the rate of reaction and T* is the temperature ( K). It is assumed 
that the diffusion coefficients of the starting substances Da and D,, and ofthe product Dc are equal to the heat 
conductivity coefficient (A = cp Das =cp Dg = cp Do), and therefore R= R(T‘) and Fj = F(T‘. 


The system of equations for a flat laminar flame under the assumed conditions and the reaction scheme 
reduce to three equations: 


App’ — Bep + + + + MD, = 0, (5) 
Dp?n) — pn, (B — Dp’) + Fane — Fyn, + Ry — Wyn? = 0, (6) 
Dp? — pn (B — Dp’) + Fin, — Fon, = 0. (1) 


We will adopt the following designations: x is the coordinate (cm); u is the flow rate (cm/sec); p is 
the density (g/cu cm); A is the heat conductivity of the mixture (cal /cm- sec -°C); c is the heat capacity 
(cal/g*°C); Dp, and Dp, are the diffusion coefficients of the active centers (sq cm/sec); B= up; D= p DP, = 
= pDp,, T=T'= Ty; p= dT /dx; p'=dp/dT; n= dmy/dT; = d’n, /dT?; dn, /dT and = 
= d’n,/dT*, Index 0 refers to the initial state of the fresh mixture (T* = Ty), index § tefers to the state at 
the burning temperature (T* = T',) and index m refers to the state corresponding to the maximum value of 
the temperature gradient (T* = Tm). The extreme values of the functions expressing the rates of chemical 
reactions are equal to zero [1], while the limiting conditions are equal to (5), (6) and (7), in accordance with 


{1}. 


Assuining at the start that Ry = 0 and W, = 0, we will write, in accordance with [1], on the basis of (6) 
and (7), the concentration of the active centers at T = Typ as: 
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Mum = by + (Foam Mem — F imum — Bly pm) N, (8) 
Ngm = te + (Fim tim — Fam Nom — Bly pm) N, (9) 
Nm = + Nam = t — Bl (10) 


where N= te = Og +1:Tm, r= Tm(Tg - Tm), 


1) t= ty + tz and T,, = 0.5 Ty. 
Equation (10) was obtained by combining (8) and (9). From (8) and (9) we find 


ty Foam Nn, — Bi p,,N 


+(Fim+FemN’ 


to + Fim — Blop, N 
1+(Fim tFom)N (12) 


Nom = 


Now from the total rate of heat evolution Q,,0,, = QunDym + QanDam, entering into (5), by substituting 
(11), (12) and (10), we obtain 


N + Fem N) 


By finding n,, in (10) and Q,, in (13) the problem of the propagation of a flame with two active centers 
reduced to the solution that had been obtained [1, 2] for the simplified scheme of a chain reaction with one 
type of active center. This is confirmed by the realness of the simplified scheme. For the maximum tempera- 
ture gradient py = p,, according to [2] , we obtain 


2D, =Q,rL, (14) 


2q 


m 


where at Dp ~ (T’yrand x = £20, 
Xo 


Substituting (14) in (13), we find from the quadratic equation 


Fm) (LQ, — Fm)? + 4 
Qm ’ 


where Q: = Gam ’ Qr = Qim Fam + Qom Fymand F Fim + Fom. (15) 


Assuming that LQ) « Fy (it can be shown that this is always true), and decomposing the radical in (15) 
in sequence, we find 


FimFs 


Qm = == (Ay + hy) Font Fon’ (16) 


Finally, in accordance with [2], for the propagation rate of the flame uy, we obtain an equation that takes 
into consideration both the rates of chain creation (Ry# 0) and the quadratic rupture of the chains (W, # 0): 


D 


2 
where g= 2/23 om lg = Njg + Dp = Dp, = Dp,, while Q,, is determined either from (15) 


or from the approximate ae (16). Coefficients € and y, according to [1, 2] are determined by the 
equations 


202 


fi 16q Ty \ (18) 
| 


/ qe Ty W’ 
| 1m ) (19) 


Assuming, the same as in [1], that the distribution of the concentrations of Py and P, is determined by 
the values of terms at T = T,,, we obtain in accordance with (11) and (12) the dependence of the concentra- 
tions of Py and P, on the temperature; 


n,(T)- (2D yy Pin 1) T T (Ty T) 


2D im Pat (Fim = Fam) (Tg 


a (T) ls) T + (Fimn ly T (Ty—T) ) 
2D im Pin + (Fm + T) (21) 


n 2 
where = 1-71), n = 4Dmq 


1 
KT ; and p,, is found from (14). 


Equations (15) or (16) and (10) make it possible to determine for the simplified scheme of a chain re- 
action [1, 3] the effective rate constant of continuing the chain and the value of the effective concentration of 
a single type of active center based on the data for a reaction scheme with two active centers. 


From (16) it follows that the value Qn» on which the rate of heat evolution in (17) depends, and con- 
sequently also the flame propagation rate, is determined basically by the least of the values Fy or Fgm, is 
not dependent on nyg and ng, and on the individual heat effects, and is determined by the sum (hy + h,). The 
rate of heat evolution also rs On Dg = Dyg + Dgg, which will be mainly determined by the greatest of 
the concentrations of the two active centers at the burning temperature. The active center with the greatest 


concentration (mole/g) or proportionally greatest partial pressure at the burning temperature will be determin- 
ing (leading) active center. 


Equation (17) makes it possible to find the constants and activation energies of processes (2) and (3) from 
the experimental! relationships between ug and T*, in the case where, for example, in mixtures with excess 
substance BFy,,, > Fa, (in the case it follows from (16) that Q,, =(hy + hg) Fg), and both constant K, and the 
energy of activation E, are determined), or in mixtures with excess A Fym < Fey (here Ky and Ey are found). 


Having determined, for example, Kz and Eg, it is possible to find Ky and E; based on the relationship between 
Ug and T'y in mixtures with excess A. 


When the constant and energy of activation of either process (2) or (3) are known, then the constant and 
energy of activation of the other process can be determined from the experimental relationship between uy and 


T's using equation (17) at any and 


For two cases of the chlorine-hydrogen flame we have calculated employing (17) the theoretical values 
of the flame propagation rates, which are given in Table 1 together with the corresponding experimental data 
taken from [4]. The rate constants were taken from [5]: = 10'*® x exp(-5500/RT*), K, = 10**4 exp 
(—2500/RT'). The transfer coefficients were taken from [6]: (Dp, Yo = 0.19 (Cl atom), (Dp o= = 1.04 (H atom) 
and Ag= 8.6 x 10°. The flame propagation rate is determined by the diffusion flow of the active centers, 
for which reason the value Dp." entering into (17), was calculated using the equation Dp_ = (DP Dy + 
+ Dp 2m 22g) / (Nyg + Dg,). A more accurate equation for Dp, will be given in the next paper, in whi ch solu- 
tion at Dp, #- Dp, will be published. 


Taking into consideration a comparison of the theoretical values of ug, calculated from (17), with the 
results of a numerical integration of the original system of equations, given in [1], and also the agreement be- 
tween the experimental and theoretical values given in Table 1, it must be concluded that a theoretical 
investigation of the flame propagation in systems, employing a reaction scheme similar to that given in the 
front of this paper, correctly describes the real process of such flame propagation. 
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The dependence of up on the pressure and on the burning temperature T*, are both essentially determined 
by the change in the concentrations of the active centers with pressure and with temperature [2]. Equation(17) 
makes it possible to estimate quantitatively the leading role of one of two active centers when their diffusion 
constants are the same. The concentrations of different active centers may depend differently on the pressure 


TABLE 1 


Experimental and Theoretical Values of the Propagation Rates (cm/sec) 
for Chlorine-Hydrogen Mixtures 


Composition of burning mixture 0.6H, + 0.4Cl, | 0.5H2+0.5Cl, 


Experimental data of Bartholomé [4] 405 350 
From equation (17) 350 485 


for a given mixture composition. The rate of change in the concentration of a given active center changes 
with change in the original composition of the mixture. For this reason decreasing the pressure can cause the 
determining (leading) role to pass from one active center to another, the concentration of which increases 
more rapidly with decrease in pressure. The slope of the angle in the graph where the experimental relation- 
ship is plotted in the coordinates log ug vs reciprocal temperature depends mainly on the heat of formation of 
the leading active center. For this reason if the experimental data are analyzed using equations obtained with- 
out takingthe diffusion of the active centers into consideration, then instead of the energy of activation E some 
effective value Er = E + Hj will be found, where Hj is the effective heat, which depends on the composition 

of the mixture and is determined by the relationship of the proportionality VDig ~ exp (Hj / RT). 

The distribution of the concentrations of the active centers as a function of temperature is given by 
equations (20) and (21). If, for example, nyg > Dgg, then the total concentration of active centers will be de- 
termined mainly by the diffusion of Py, while tos Vesti n(T) = ny(T) + nT) will have the shape of a curve, 
rising constantly from the initial concentration n = Ng to the final n = ng, greatest in value from the initial 
temperature to the burning temperature. The function n(T) will be represented by a curve of the same charac- 
ter, while the curve of the function nfT) will have a maximum between the initial temperature and the burn- 
ing temperature, since at relatively small 1, the value of the numerator in equation (21) will be determined 
mainly by the function FymOy)T(T g~ T). With the reaction scheme adopted in the present paper, and real 


values of the chain-creation rates, the two curves ny (T) and ng(T) cannot simultaneously have maxima in 
the reaction zone. 


On the basis of the above it is possible to obtain an equation for determining the rate of flame propaga- 
tion in which the processes, both reverse and parallel to processes (2) and (3), and also the rate of creation 
and the rate of quadratic cleavage for the second active center, are taken into concentration. 
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KINETIC ISOTOPIC EFFECT IN THE OXIDATION OF 
HYDROGEN ON PLATINUM 


V. I. Popov and Acad. Sci. USSR Corresponding Member 
S. Z. Roginskii 


Institute of Chemical Physics, Academy of Sciences of the USSR 


In homogeneous kinetics an investigation of the kinetic isotopic effects [1, 2] is extensively used to study 
the mechanism of chemical reactions. In heterogeneous catalysis such investigations were quite numerous in 
the last thirty years, but their results failed to exert any noticeable influence on the development of the theory 
of catalysis due to the contradictory nature and insufficient clearness in stating the problem. Individual papers 
employing modern methods of isotopic study have appeared in recent years [1, 3]. They contain interesting 
individual observations, but do not uncover paths for the broad use of the values of kinetic isotopic effects in the 
theory of catalysis, Meanwhile, it is easy to show that such measurements, closely linked with the measurement 
of other characteristics, can in principle offer essential information. In particular, with this method it can be 
hoped to determine the regimes of catalytic reactions, their stages, the nature of the bonds being either ruptur- 
ed or formed in the controlling step, the structure of the transition complex, and also the adsorption and kinet- 
ic heterogeneity of the surface, etc. [1]. For this it is necessary to have first of all reliable measurements of 
the values of isotopic effects. 


In this paper we discuss the results of measuring the kinetic isotopic effect in the oxidation of hydrogen 
on platinum in the presence of a large excess of hydrogen. The choice of this reaction was determined by the 
absence of secondary processes, the possibility of running the reaction in a broad temperature range, beginning 
with temperatures lying below 0°, the existence of a number of earlier studies from our laboratory, leading to 
the formulation of a scheme for the probable stages of the reaction [4], and also due to the description of some 


curious temperature anomalies in a number of old papers devoted to a study of the indicated reaction on plat- 
inum and palladium [5, 6]. 


EXPERIMENTAL 


Principle of the method and description of the apparatus, The reaction was run under dynamic condi- 
tions using smooth platinum as the catalyst, which excluded the complications associated with porosity. The 
hydrogen stream with a high deuterium content, passing over the catalyst, was supplied constantly with oxy- 
gen in an amount equal to several percent of the stoichiometric. Only a certain portion of the total hydrogen 
present reacts when the oxygen is completely consumed. After removing the water formed, the unreacted 
hydrogen was quantitatively burned in an oxygen atmosphere. The isotopic composition of the starting hydro- 
gen was calculated from the isotopic composition of the recuperate and of the water obtained in the catalytic 
oxidation. The value of the kinetic isotopic effect «was determined from the ratio of the concentrations of 
protium and deuterium in the water, formed as a result of catalytic reaction, and in the original hydrogen. 
The investigation was run in a completely sealed glass apparatus, a diagram of which is shown in Fig, 1. 


The hydrogen and oxygen were obtained by the decomposition of water, rich in deuterium, in an elec- 
trolyzer with one cathode and two anodes, connected in parallel to the current source. The volume of the 
electrolyte (20% sodium hydroxide solution) was 650-700 ml. A rheostat was inserted in the circuit of the 


= 


small anode, making it possible to regulate the relative amounts of anodic current, and consequently the relative 
amounts of oxygen liberated at the two anodes, The oxygen from the small anode was used for the partial oxida- 
tion of hydrogen on platinum, while that from the larger anode was used to burn the unreacted hydrogen in a 
quartz burner, The flow rates of the gases were determined from the current strength. 


The reactor was a U-shaped tube with a length of 120 cm and an internal diameter of 6.5 mm, enclosed 
in a jacket, through which water from a thermostat of the Heppler type was passed, A roll of platinum wire, 
800 cm long and with a cross section of 0.2 mm (geometric surface 50 sq cm), was placed in the outlet por- 
tion of the tube reactor. In preliminary experiments a nichrome-constantan thermocouple was inserted direct- 
ly in the reaction zone, but it proved that the temperature failed to change either at the start of reaction or 


during its progress, so consequently the insertion of the thermocouple into the reactor was omitted in subsequent 
experiments. 


Catalyst 


IS 


"Os. 


Fig. 1. Diagram of the apparatus for studying the kinetic iso- 
topic effect in the oxidation of hydrogen on platinum. 1) elec- 
trolyzer; 2) columns with silica gel for drying the gases; 3) 
mixer; 4, 5, 6, 7, 8) traps, cooled with solid carbon dioxide; 9) 
reactor; 10) recuperator; 11, 12, 13, 14) stopcocks. 


To freeze out the water formed in the catalytic oxidation of the hydrogen the reactor was connected 
in series to two traps, which made it possible to run the experiments with the removal of a single portion of 
water or with the removal of two successive portions, In the single experiments the water was frozen in trap 7, 
while in the double experiments it was frozen first in trap 8, with trap 7 heated to 160°, and then in trap 7. The 
unreacted hydrogen entered the recuperator, which was a quartz burner, connected by means of a ground-glass 
joint to a water condenser. In the single experiments the condensate from the recuperator was collected in a 
single receiver (test tube), while in the double experiments it was collected successively in two receivers, 


Experimental operation. Prior to the start of experiment the electrolyzer was opened to the atmosphere 
by means of stopcocks 11, after which it was connected to the current source, and the electrode areas blown 
with a three-fold volume of the gases. At the same time the system was evacuated to a pressure of about 
10°? mm through the three-way stopcocks 13 and 14 (with stopcock 12 open), and the passage of water, heated 
to the experiment temperature, from the thermostat through the jacket of the reactor begun. Then the hydro- 
gen line, as well as the "large" and "small" oxygen lines (up to stopcock 12), were filled respectively with 
hydrogen and oxygen from the electrolyzer. Experiment began with the admittance of oxygen from the "small" 


line through stopcock 12 and mixer 3 into the reactor, and for the case of unreacted hydrogen when the oxygen 
from the *large® line was admitted into recuperator 10. 


In the present study the kinetic isotopic effect of hydrogen was measured at 98, The space velocities 
of the hydrogen and oxygen, entering the reactor, were respectively 1.7 and 0.085 liter/hr. Complete consump- 


tion of the oxygen corresponded to the oxidation of 0.1 of the introduced hydrogen. As a result, in the single 
experiments with operation for 4 hrs there was obtained 0.54 ml of water due to the catalytic oxidation of 
hydrogen and 5.4 ml due to oxidation in the recuperator. Both water portions were purified by the one-step 
TABLE 1 "express-distillation” technique [7], and then analyzed 
by the drop method, the relative accuracy of which for 
our concentrations of deuterium (1.5-2.5 mole % was 
+ 1%[T]. The isotopic composition of the original 
hydrogen was calculated from the isotopic composition 
of the two portions, and then the distribution coeffi- 
cient was calculated. 
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Experimental results and their discussion, The 
results of our experiments on the kinetic isotopic ef- 
fect in the oxidation of hydrogen on platinum at 95 
are given in Table 1. As can be seen from the data 
in the table, the water formed in the catalytic oxida- 
tion of hydrogen is enriched in protium. The values 
of the distribution coefficient a, calculated by means 
of the equation given below, in four experiments, of 
which two were double, varied within the relatively narrow limits of 4 0.04 from the average arithmetic 
value of a=1.31,i.e.,Aa= 4 3% 


tn tn en 
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If the reaction of substances, composed of two isotopic forms, is irreversible, and if the distorting in- 
fluence of isotopic exchange is absent, then the reaction may be regarded as being two independent pro- 
cesses. In our case (with a small amount of deuterium in the hydrogen) this is simply 


H,+ 7/,0,= H,O, HD+ ¥/,0, = HDO, 


Each of these processes includes hydrogen diffusion to the surface and the subsequent stages, which can begin 
with Hg adsorption or with its reaction on colliding with the adsorbed oxygen, and are terminated by water de- 
sorption and its diffusion from the layer near the surface into the gas stream. 


If external hydrogen diffusion controls the process then both reactions should proceed by a first-order 
mechanism: 


d{HDO}] 
dt 


= ky ((HD] — [HDO)). 
Dividing individually the first kinetic equation by the second and integrating the result, we obtain 


fy _ In(t—f) 
ky In (1 — fa)’ 


where f, = [H,O]/ [Hz] and f, = [HDO]/ [HD] are the fractions of converted Hz and HD, respectively. 


The ratio of the constants ky/kz = Dy/D, represents the sought kinetic effect or the distribution coefficient 
a when the process is controlled by the hydrogen diffusion. * Similar reasoning also holds if the process is con- 
trolled by the diffusion of the water, formed as the result of oxidation, from the surface layer of the catalyst in- 
to the gas stream. 


In view of the known fact that the diffusion coefficient is inversely proportional to the square root of 
the mass of the diffusion molecules, the ratio of the constants k,/kz in the case of hydrogen diffusion to the 
surface of the catalyst should be equal to D,/D, = {Myp /Myy,. i.e., to 1.22, and in the case of the formed 
water molecules diffusion from the surface layer into the gas stream it should be equal to Dy/ D, = Ymypo/my 30" 
i,e., to = 1.03, Comparing these values with our obtained value a = 1.31, which possibly is somewhat low 


*D, and Dy are the diffusion coefficients of the Hz and HD molecules, respectively. 


due to catalytic isotopic exchange between HD and H,O (exerting an influence on the isotopic composition 
that is opposed to that of the kinetic isotopic effect), it must be concluded that the external diffusion of 
either hydrogen or water fails to occur in the controlling step. 


The matter becomes much more complicated if the process of the catalytic oxidation of hydrogen is 
controlled by chemical or adsorption stages, since here the atoms of the catalyst surface become involved in 
the transition complexes, the thermodynamic effects of adsorption equilibria enter in hidden form, etc. 


At low pressures the oxidation rate of H, on Pt and Pd is described by the equation w = k oy , clear 

ly including the hydrogen concentration [4]. At pressures close to atmospheric the reaction rate is proportional 
to the oxygen pressure and is practically independent of the hydrogen pressure [8, 9}. Apparently in our experi- 
ments the rate for the contact oxidation of hydrogen is controlled by stages, not including hydrogen directly 
(for example, chemisorption of O,), or including hydrogen in a form that is not dependent on its concentration 
in the gas phase, for example, the hydrogen of the saturated adsorption layer on the active surface of the cata- 
lyst. However, this does not exclude the appearance of a hydrogen kinetic effect, since the fraction of Ox, 
O,” or O" reacting with the H, and HD molecules on the filled portions, depends on their specific content on 
the surface, i.e., on the concentration ratios in the gas phase with correction for the isotopic adsorption effect. 
In addition, the true kinetic isotopic effect in reacting O, (Oz or O~) with H and D or with Hz and HD must 
be taken into account. 


Prior to obtaining direct measurements of the isotopic adsorption effect under catalyst conditions it is 
premature to speak more definitely on the character of the chemical stage in the contact oxidation of hydro- 
gen, leading to the appearance of the observed separation of hydrogen isotopes. It is also necessary to deter- 
mine the effect of change in catalyst activity on the value of a Experiments with o'S and O and with 
hydrogen containing a high amount of deuterium ,together with determining the temperature dependence of a, 
could help in defining both the nature of the chemical stage in the contact oxidation of hydrogen and of the 
transition complex more accurately. 
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THE CHARACTER AND ROLE OF INTERMEDIATE PRODUCTS IN 
THE RADIOLYTIC REDUCTION OF NITRATE 


V. A. Sharpatyi, V. D. Orekhov and M. A. Proskurnin 
L. Ya, Karpov Research Institute of Physical Chemistry 
(Presented by Academician S. S. Medvedev, November 11, 1958) 


It was mentioned in some studies [1, 2] that molecular oxygen, present in solution, exerts substantial 
influence on the radiolytic reduction of nitrate. The theory was expressed that the inhibiting action of mo- 
lecular oxygenis associated with its reaction with the intermediate products of nitrate reduction of type HNO, , 
and should be manifested even at exceedingly small O, concentrations. In addition, both the magnitude of 


y-ray dosage and the solution temperature should have an effect on the reaction for the disproportionation of 
HNO, ions (the second principal stage in the reduction of nitrate). 


We investigated the relationship between the yield of nitrite and the magnitude of dosage in 1M nitrate 
solution and 1M NaOH in the dosage range of 0.04 to 1000 r/sec. The yield of nitrite in solutions saturated with 
air remains constant in the entire range of dosages studied and is equal to ~ 3 equiv / 100 ev (Fig. 1,1). In 
the absence of oxygen (the solution was saturated with nitrogen), in the dosage range 0,5-1000 r/sec, the 
yield of nitrite is considerably higher (~ 8 equiv / 100 ev) (Fig. 1, 2). With an oxygen content of 2.5% in the 
gas mixture of oxygen and nitrogen over the solution Gyo,” is directly proportional to the logarithm of the 
dosage (Fig. 1, 3). 


These results can serve as indirect proof of the theory that the processes for the disproportionation of the 
ion of hydronitric acid and its oxidation by oxygen to nitrate ion are concurrent. At small dosage (0.04-0.5 
r/sec) the average concentration of HNO, in the solution volume is so small that an oxygen concentration of 
0.5 - 107° M is sufficient to enable the oxygen to compete with the process for the disproportionation of HNO, 
ions. At higher dosages (60-100 r/sec) it is necessary to have a higher O, concentration in solution for the 
reverse reaction HNO”; + O,-+ NO’;+ HO, to go. In the dosage range of 0.04 to 0.1 r/sec in 1M nitrate 
solution, saturated with nitrogen, the yield of nitrite rises to 10,5-11 equiv/100 ev (Fig. 1, 1), i.e.,it reaches 
values that can correspond to the complete utilization of the products of the radiolyzed water molecules (the 
same as in the case of using coupled acceptors [1, 3]*). 


To determine the role played by intermediate products in the process for the reduction of nitrate we ran 
a series of experiments in which the solutions were irradiated at various temperatures, As had been mentioned 
earlier, in the temperature range 20-90 the yield of nitrate does not change in solutions saturated with nitro- 
gen (2, 3]. Apparently, such a change in temperature has little effect on the formation of the final product 
NO”; and NO, based on the disproportionation reaction (G 0. = 8-8.5 equiv/100 ev). Irradiation of the 


solutions at lower temperatures (to ~ 25°) leads to a decrease 2in Cro - to values of ~ 2,5 equiv /100 ev. ** 
2 


*Under these conditions of irradiation the introduction of glycerol as a coupled acceptor of OH radicals does 


not change G which remains equal to 10,5-11 equiv/100 ev. 


NO,’ 
*¢The yieldofnitrite was calculated on the assumption that the frozen solution represents a homogeneous 
mixture of ice and NaNO, crystals. 
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With further reduction in the solution temperature clear down to the temperature of liquid nitrogen Gyo, re- 
mains practically constant (Fig. 2, 1). In solutions containing oxygen (saturated with air) the dependence of 
the nitrite yield on the solution temperature has a somewhat different form (Fig. 2, 2). Here the reduction in 
yield begins at higher temperatures and is also conditioned by the reaction of O, with the intermediate products 


of nitrate reduction. 


equiv/ 100 ev 


so 


Yield of.NO, 


1 Jj 
100 1000 sec 


Dosage 


Fig. 1. Relationship between Gyo,- and dosage with 
y-rays (logarithmic scale): 1) solution saturated with 
air, 2) solution saturated with nitrogen, 3) solution 
saturated with a mixture of Nz and O, gases, with 2.5% 
oxygen in the mixture over the solution. 
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Fig. 2. Dependence of Gyjo.- on the solution tempera- 
ture: 1) solution saturated with nitrogen, 2) with air. 


To determine the exact values of Gyo,- in 
frozen solutions it is necessary to know the mechan- 
ism for the transfer of absorbed energy and for the 
interaction of the formed radical products taking 
into consideration surface effects, since the eutectic 
represents a mixture of NaNOg and ice crystals [4]. 


The application of the electron paramagnetic 
resonance method to the system nitrate — water dur- 
ing irradiation with accelerated electrons made it 
possible to show in the temperature range of -196 
to -70° a number of intermediate products of nitrate 
reduction and also atomic hydrogen. * It was ob- 
served that the intermediate radical products quick- 
ly disappear when the irradiation is terminated, and 
the disappearance is more rapid the higher the tem- 
perature of the frozen solution. In addition, it was 
revealed that frozen nitrate solutions evidently have 
a smaller amount of the radicals formed in frozen 
water present, which apparently react with the ni- 
trate ions. From this, as a first approximation, we 
can assume that in the given case we are dealing 
with a homogeneous mixture of crystals, where 
ordinary radical reactions take place. 


From what has been said it is possible to con- 
clude, first, that the principal processes of nitrate 
reduction in frozen solutions occur prior to their 
thawing out for the purpose of analyzing them for the 
transformation products of the nitrate ion, which is 
not in agreement with the conclusions of certain 
authors [5]; second, together with the direct action 
of y-radiation on NO,’, there occurs in frozen solu- 
tions, as had already been mentioned [1, 6], a radical 
reduction of the nitrate. In the future, using the 
electron paramagnetic resonance method it is pro- 
posed to make a more detailed study of the proper- 
ties of the intermediate products found in this system, 


The authors are deeply indebtedto co-workers N. Ya. Buben, A. T. Koritskii, Yu. N. Molin and V. N. 
Shamshev of the Institute of Chemical Physics, Academy of Sciences of the USSR, for running a number of ex- 
periments in which an investigation of radicals was made using the electron paramagnetic resonance method 


during irradiation. 
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SIGNIFICANCE OF ABBREVIATIONS MOST FREQUENTLY 


Abbreviation 
(Transliterated) 


FIAN 

GIPKh 

GIRE DMET 
GITI 

GITTL 
GLAVKhIM 
GOI 

GONTI 
Goskhimizdat 
GOST 
Gostoptekhizdat 


IFKhA 

IOKhAN 
IONKh 
IONKhAN 


INBI 

IREA 

ISN (Izd. Sov. 
IVKhTI 

Izd. AN SSSR 
Izd. MGU 
KEIN 
Khimizdat 
LGU 

LIM 
Metallurgizdat 
MITKhT 
olYal 

OKhN 

ONTI 

OTI 

OTN 

RIAN 
RZhKhim 
VKhO 

ZhFKh 
ZhRKhO 


ENCOUNTERED IN SOVIET CHEMICAL LITERATURE 


Significance 


Phys. Inst. Acad. Sci. USSR 

State Institute of Applied Chemistry 

State Rare Metals Scientific Research Institute 

State Sci.-Tech. Press 

State Tech. and Theor. Lit. Press 

Main Administration of the Chemical Industry 

State Optical Institute 

State United Sci.-Tech. Press 

State Chem. Press 

All-Union State Standard 

State Scientific and Technical Publishing house of the Petroleum and 
Mineral Fuel Industry 

State Tech. and Theor. Lit. Press 

Institute of Physicochemical Analysis 

Foreign Lit. Press 

Institute of Organic Chemistry of the Academy of Sciences of the USSR 

Institute of General and Inorganic Chemistry (N. S. Kurnakov) 


Institute of General and Inorganic Chemistry of the Academy of Sciences 
of the USSR 


Institute of Biochemistry 

Institute of Chemical Reagents 

Soviet Science Press 

Ivanovo Chemical Engineering Institute 
Acad. Sci. USSR Press 

Moscow State Univ. Press 

Colloid Electrochemical Institute 
Chemistry Press 

Leningrad State University 

Leningrad Institute of Metals 

Metallurgy Press 

Moscow Institute of Fine Chemical Technology 
Joint Institute of Nuclear Studies 

Division of Chemical Science 

United Sci.-Tech. Press 

Division of Technical Information 
Division of Technical Science 

Radium Institute, Academy of Sciences of the USSR 
Chemical Abstract Journal (USSR) 
All-Union Chemical Society (Mendeleev) 
Journal of Physical Chemistry (USSR) 
Journal of the Russian Chemical Society 


Note; Abbreviations not on this list and not explained in the translation have been transliterated no further 
information about their significance being available to us. — Publisher. 
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